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Introduction and Motivation 
1.1 Introduction 
On May 19, 2009, the United States President, Barack Obama, proposed changes 
to current federal law concerning both fuel economy and emissions from automobiles and 
trucks.
1
 The aim of this proposed national policy is twofold.  The first goal is to provide a 
more uniform standard for automakers to follow when meeting emission and corporate 
average fuel economy (CAFÉ) standards rather than disparate regulations from the 
Environmental Protection Agency (EPA), the Department of Transportation (DOT) and 
the state regulators.  A second and more far-reaching goal of the proposed legislation is 
that it would be the first federal law that requires the reduction of carbon dioxide (CO2) 
and other greenhouse gas emissions for all new cars and trucks sold in the US from 2012 
to 2016.  The EPA’s basis for regulating tailpipe emissions is its authority under the 
Clean Air Act (CAA). In the proposal, the DOT National Highway Transportation Safety 
Administration (NHTSA), will pass parallel regulations under the Energy Policy and 
Conservation Act (EPCA).
2
  According to EPA estimates, the agreement, which covers 
the 2012-2016 model years, would require an average fuel economy of 35.5 miles per 
gallon and reduce greenhouse gas emission by  900 million metric tons of  CO2.
2
  The 
 2 
proposed rules are ambitious and it is clear that treating greenhouse gasses as a pollutant, 
regardless of the magnitude, will present unique challenges for the global automotive 
industry.  
Whatever path (or paths) the industry uses to meet these challenges, 
heterogeneous catalysis is almost certain to play a critical role.   Several emerging vehicle 
fuel technologies, such as biofuel production, Fischer-Tropsch synthetic fuels, and 
several types of  fuel cells are reliant on heterogeneous catalysts.
3
  Catalysts are also 
essential to more established exhaust after treatment for gasoline and diesel engines.   
Therefore, this thesis will present investigations of three heterogeneous catalyst systems 
for automotive applications, all of which are relevant to current energy, environmental, 
and regulatory challenges.  Three catalyst systems covered in this thesis are 1) Pt-Co 
alloy catalysts for fuel cell applications, 2) alumina supported Pt-Pd for NO oxidation, 
and 3) both Rhodium (Rh) and Palladium (Pd) on ceria-based supports for gasoline 
exhaust aftertreatment. 
1.2 Background 
In recent years, there has been a heightened public awareness of the impact of 
vehicle emissions on the health of the planet.  Additionally, since the 1973 OPEC oil 
embargo, the public has been sensitized to the vulnerability that comes with increased 
dependence on foreign oil.  Historically, the term “energy security” can be defined as 
“simply the availability of sufficient supplies of affordable energy.”
4
  Given this 
background, it might be helpful to discuss the size and scope of US oil consumption, and 
specifically address where the US automotive industry fits into the energy picture.   
 3 
Current demand for oil in the US is approximately 19.5 million barrels per day of 
which 71% (or 14 million barrels per day) is used in the transportation sector.   Within 
the transportation sector, reports estimate that 8-9 million barrels per day are used to 
power light duty vehicles such as passenger cars and light trucks.
5
  Trends in US oil 
consumption are summarized in Figure 1.1, and it is evident that the light duty vehicle 
segment is the single largest driver for US crude oil consumption. 
 A major concern for the energy security issue is that US production peaked in the 
1970’s, however domestic consumption has continued to grow.  To make up for this 
difference between consumption and production, the US has become increasingly 
dependent on importing foreign oil to meet energy demands.   Currently, the US imports 
over 11 million barrels of petroleum per day, a number which represents 57% of total US 
consumption (Figure 1.2).
6
  Current projections predict that the US will become 
progressively more dependent on foreign sources of oil in upcoming years.  
In addition to reducing energy supply vulnerability, environmental protection is a 
complementary goal of this policy change.  Just as the light duty vehicles make up the 
single largest component of US oil consumption, light duty vehicles are also a major 
contributor to the release of several environmental pollutants.    Traditionally, the three 
main emissions from gasoline vehicles have been carbon monoxide (CO), unburned 
hydrocarbons (HC), and various compounds of nitrogen and oxygen (NOx).
7
  All of these 
compounds have been known to present environmental and human health risks.  CO is a 
result of non-stoichiometric combustion and is toxic to humans.  Although CO emissions 
have been decreasing since 1970, on-road vehicles accounted for an estimated 50 percent 
of U.S. emissions in 2008 and up to 95 percent in urban areas.
8-10
  Unburned HC result 
 4 
from unburned or partially burned fuel and are a major contributor to smog and ground 
level ozone.  Nitrogen oxides (NOx) contribute to several environmental problems 
including acid rain, water quality deterioration, production of toxic chemicals, and plant 
(vegetation) damage.
7
     
 In order to address the harmful effects of these compounds, automobile emissions 
control legislation (both on the state and national level) began in the mid 1960’s.  Early 
compliance with these new emissions standards was achieved by adjustments in ignition 
systems, but eventually catalytic after treatment devices were introduced in the US in 
1975.
11-13
  Early in this development, platinum, palladium, and rhodium were identified 
as candidate materials for automotive catalysis because of their intrinsic reactivity, 
thermal stability, durability, poison resistance, and low tendency to react with the 
supporting materials.
11
  These metals later became the basis of modern automotive three 
way catalysts (TWCs).  The term “three way catalyst” refers to the three functions of an 
automotive catalyst: 1) oxidation of carbon monoxide, 2) reduction of NOx and 3) 
oxidation of unburned hydrocarbons.
12
 
 Over the past four decades, three way catalysts have been very successful in 
reducing emissions of HC, NOx, and CO from gasoline vehicles.  However, the catalytic 
after-treatment of diesel exhaust gasses, notably NOx and particulate matter (PM), 
presents unique challenges.  PM consists of a mixture of carbon, heavy hydrocarbons, 
and inorganic compounds, and presents a public health risk of particular concern.   These 
particles, which can be less than 10µm,  have been associated with premature deaths as 
well as both cancerous and non-cancerous lung damage.
13-14
  PM is also associated with 
several environmental problems including contributing to smog and urban haze
15
.    
 5 
Unlike automotive TWCs,  diesel exhaust after treatment  does not rely on a single 
dominant technology, and the problem of  controlling both PM and NOx  is ongoing.
16-17
 
and will be discussed further in Chapter 4.    
 Historically, greenhouse gasses, particularly CO2 have not been considered 
“pollutants” in the same sense as CO, NOx, HC, and PM.   However, as scientific 
consensus of anthropogenic  global warming has increased in recent years
18
 , greenhouse 
gas emissions (GHG) have received much greater attention.   This change is reflected in 
the May 2009 policy shift, and the addition of GHG to the list of pollutants presents new 
challenges for the industry.  
 Carbon dioxide is widely considered the most important GHG, and the major 
anthropogenic source of CO2   is the burning of fossil fuels.  According to a 2009 EIA 
report
5
, an estimated 7,385.41 million metric tons of CO2 were released by the US  in 
2008.  Although high fuel prices and slow economic growth led to a decrease in 
emissions across all end use sectors, transportation led all end use sectors with emissions 
of 1,930.1 MMT of CO2, approximately 27% of the US total.  Similar to the picture for 
petroleum consumption, emissions from combustion of light duty gasoline and distillate 
fuels comprise the majority of CO2 emissions in the transportation sector.   
Clearly, light duty vehicles represent a critical lever in reducing US dependence 
on foreign oil and reducing environmentally harmful emissions.  Accordingly, 
heterogeneous catalysis is expected to play an essential part in the automotive industry’s 
solution to meet current and future demands from regulatory, environmental, and energy 
perspectives.  Given this, it is useful to briefly explore some of the dynamics of catalyst 
industry in areas that relate to energy and automotive applications.   
 6 
1.3 The global heterogeneous catalyst industry  
 In 2006, the global catalyst industry was estimated to be a $14-14.6 billion 
market.
19
  Moreover, goods and services which use catalysts in their production 
contribute over $1 trillion to the gross domestic product in the US alone, and  trillions 
more globally.
20
  Catalysts producers and markets are highly dependent on the needs of 
their client sectors (e.g., petrochemicals, refining, polymers, and environmental), and thus 
are often categorized as such (Figure 1.3). Environmental and energy catalysts represent 
about one third of the total catalysis market. As a sector, environmental and energy 
catalysts (which include automotive emissions catalysts) also have the strongest growth 
rate (7-9% per year) in  the catalysts market and these trends are expected to continue 
into the future.
19
  The driver for growth in this sector is largely environmental regulations 
both in Western Europe, North America, and Japan. However in recent years, developing 
economies such as India and China are increasingly applying tighter environmental 
controls 
16, 21
 which will likely increase the worldwide demand for autocatalysts.  
 Compared to traditional automotive catalysts, the market for fuel cell catalyst is 
quite small (only $51.1 million in 2006), but it is projected to grow significantly as more 
mobile and stationary fuel systems are installed.
22
  As will be discussed later (Chapter 3), 
proton exchange membrane (PEM) fuel cells are primarily reliant on platinum 
electrocatalysts for the oxygen reduction reaction (ORR). Despite the small size of the 
market, this reliance on Pt exposes fuel cells to many of the same market forces as more 
traditional automotive and diesel after treatment catalysts.  
 7 
1.4 Platinum and precious metal supply considerations. 
 A prominent challenge in the implementation of many heterogeneous catalyst 
systems, for both established and emerging applications, is the fact that these systems are 
dependent on platinum and other platinum group metals, such as rhodium (Rh) and 
palladium (Pd).  Use of the platinum group metals (PGMs) can be costly, and Pt and Pd 
have experienced an increase in price in recent years (Fig 1.4).  On the whole,  
autocatalysts are the largest user of PGMs, although significant demand also arises from 
investment, jewelry, and other industrial applications (Fig 1.4).
23-24
 
Platinum is a scarce resource that occupies approximately 5 parts per billion of 
the earth’s crust.
25
  Further complicating matters from a strategic point of view, platinum 
is also highly concentrated geographically, with almost 90% of production coming from, 
South Africa and Russia (Fig   1.5).   Proven reserves of platinum are well characterized 
and most geologists do not expect significant new reserves to be discovered.
26
  Because 
of this high concentration, the threat of geopolitical or labor instability is a major concern 
for catalyst producers. While the price and supply situation for palladium is somewhat 
more favorable, the situation for rhodium is more tightly constrained, with over 86% of 
the world supply in southern Africa.   Due to extreme rarity, supply concentration, and 
lack of suitable substitutes in the autocatalysts sector (87% of production goes into 
automotive catalysts
21
) ,  rhodium has undergone substantial price fluctuations in recent 
years, and cost forecasting is difficult.
27
  These cost and supply issues are critical drivers 
for all three of the research areas to be discussed in this thesis.   
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1.4.1 Proton exchange membrane fuel cell catalysts 
Global PGM supply considerations figure prominently in all of the catalyst 
systems discussed in this thesis.   At the present levels of technology, there are hurdles to 
the widespread implementation of proton exchange membrane fuel cells (PEMFCs) for 
diverse applications such as replacing internal combustion (IC) engines in automotive 
power trains.   The three most commonly cited of these challenges are 1) lack of 
hydrogen infrastructure, 2) challenges in hydrogen storage, and 3) cost of the fuel cell 
systems themselves.
28
  Perhaps unsurprisingly, current economic modeling indicates that 
catalyst related costs are the largest cost elements in the production PEM fuel cell 
systems.
29
  Recent estimates that take into account the worldwide availability of platinum 
indicate that proton exchange membrane fuel cells (PEMFCs) will have to achieve a 
precious metal loading of less than 0.4 gPt/kW for large-scale implementation in the 
automotive sector.
23
  If this level of platinum loading is achieved, replacing the engine of 
typical passenger car  (180 hp) in the US with an equivalent PEMFC would require 
almost 53 g of platinum, a number which exceeds current levels in a catalytic converter 
by more than an order of magnitude.
30
 Geologist R.B. Gordon and coworkers
26
 
performed a study that assumed a less powerful fuel cell stack (75 kW) and platinum 
catalyst recycling.  They estimated that a fleet of 500 million fuel cells at this metal 
loading would deplete known platinum reserves in the earth’s lithosphere in 
approximately 15 years.  Therefore, reducing the precious metal requirements is a critical 
challenge for the realistic large scale implementation of PEMFCs for automotive 
applications.  
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1.4.2  NOx abatement diesel catalysts 
Owing to the increase in popularity of diesel vehicles in Europe (Fig 1.6a), that 
region has become the world’s largest market for platinum autocatalyst, accounting for 
over 50% of the worldwide demand.
31
 For some time, platinum has been the principal 
metal in the catalytic control of CO and HC emissions resulting from diesel 
combustion.
32
  A typical diesel vehicle utilizes significantly more platinum than an 
average gasoline engine.  Currently,  90% of European platinum for autocatalysts is used 
in diesel vehicles.
31
  In recent years, regulations for particulate matter (PM) and NOx have 
become more stringent, thus requiring innovation in vehicle emissions abatement 
technology.  Some of these techniques such as lean NOx traps, and SCR catalysts will be 
briefly outlined in Chapter 4.  Regardless of which technical solution is ultimately 
successful in addressing these more stringent PM and NOx standards, platinum and other 
PGM’s are likely to continue to play a prominent role in diesel exhaust after treatment.   
Primarily due to these increases in both regulation and diesel vehicle sales, European 
platinum demand has increased at a compound annual growth rate of 12.86% during the 
period between 1999 and 2007 (Fig. 1.6 b).    
1.4.3 Automotive three way catalysts 
 As noted earlier, platinum, palladium, and rhodium are the basis of modern 
automotive three way catalysts.  Platinum and palladium catalyze the oxidation of HC 
and CO into CO2 and water vapor, while rhodium catalyzes the reduction of NOx   to N2 
and O2.
21
 Despite some complications, platinum and palladium can be used 
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interchangeably in gasoline applications.
30
  However, there is virtually no known 
substitute for rhodium.
33
  As Rh is critical for NOx abatement, new regulations (such as 
EURO I-V) for NOx  emissions are likely to drive an increase in  demand in the future.
34
  
1.5  Objective and Outline of This Thesis 
Achievement of the three-fold goal of regulatory compliance, energy security and 
environmental protection while dependent on such tightly constrained materials as 
platinum, palladium, and rhodium, presents both unique challenges and opportunities for 
the automotive and catalysis community. Although global macroeconomic forces may 
control the supply and demand of these materials, characterizing these systems on an 
atomic scale is also essential in developing business and policy solutions to these 
challenges.  Structural and chemical characterization of these materials is needed in order 
to develop catalysts with improved activity, selectivity, and stability.   
 In this work, the structure and morphology of nanostructured heterogeneous 
catalysts was investigated using a variety of materials characterization techniques, 
including x-ray diffractometry, high resolution transmission electron microscopy, 
aberration corrected electron microscopy, and z-contrast scanning transmission electron 
microscopy. This thesis will present investigations of three heterogenous catalyst 
systems, Pt-Co alloy catalysts for fuel cell applications, alumina supported Pt-Pd for NO 
oxidation, and both Rh and Pd on ceria-based supports for gasoline exhaust 
aftertreatment.  A unifying objective of all of these studies is the use of materials 
characterization techniques to investigate how catalyst stability and performance are 
affected by morphology and composition.  A secondary objective of this study is to 
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discuss the mechanism of structure property relationships in these three heterogeneous 
catalysis systems. 
1.5.1 Carbon Supported Pt and PtCo PEMFC catalysts 
The first catalyst system presented in this thesis is nanoscale carbon supported Pt-
alloy catalysts for proton-exchange membrane fuel cells.  Carbon supported PtCo is a 
promising catalyst material that has the potential to mitigate some of the cost, 
performance and durability issues associated with pure Pt PEMFC catalysts.  However, 
the mechanisms of this improvement are not entirely clear.   Advanced materials 
characterization techniques, most notably aberration corrected high angle annular dark 
field  (HAADF) imaging, in a scanning transmission electron microscope (STEM), are 
powerful tools  for atomic scale characterization that yield  a more complete 
understanding of deactivation mechanisms in these catalysts.  
In this project, commercial carbon supported Pt and PtCo were treated with 
varying amounts of aggressive electrochemical cycling designed to simulate automotive 
start-stop conditions.  During and after treatment, catalyst samples were structurally and 
chemically characterized using a variety of materials characterization  techniques 
including high resolution transmission electron microscopy (HRTEM),  high angle 
annular dark field (HAADF) scanning transmission electron microscopy  (STEM), and  
x-ray diffraction XRD in order to relate observed structural and chemical  differences 
between Pt and PtCo to changes in catalytic activity.  
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1.5.2 Pt-Pd alloy catalyst for NO oxidation 
The second project presented in this thesis is the investigation of alumina 
supported platinum and platinum-palladium (Pt-Pd) bimetallic catalysts for nitric oxide 
(NO) oxidation.  Oxidation of NO is a critical step in the catalytic after treatment of lean-
burn diesel vehicles.   Alumina-supported Pt is one of the best NO oxidation catalysts, 
but it quickly tends to lose surface area through particle coarsening at high temperatures.   
This study expands previous studies
35
 on the thermal stability of  Pt-Pd bimetallic 
catalysts that indicated that alloying Pt with Pd improved sintering resistance. Because 
multimetallic alloy catalysts may have different catalytic properties than their 
constituents
36
,  it is important to investigate both structure and catalytic performance 
simultaneously.  
 In this work, various compositions of nano-particulate Pt-Pd catalysts on Al2O3 
were prepared from acetlyacetonate precursors.  These samples were subsequently aged 
and characterized using HRTEM along with energy dispersive spectroscopy (EDS) to 
determine the size, distribution, and chemical composition of the precious metal 
nanoparticles in each of the catalyst samples.   Microscopy data collected was then 
combined with NO oxidation and CO chemisorption data in order to better understand the 
effect of Pd alloying on the catalytic properties of Pt.  In addition, this work was extended 
in order to utilize more advanced microscopy techniques, such as aberration corrected 
HAADF-STEM .  Furthermore, as a part of this extension, results from acetlyacetonate 
precursors were compared to catalysts fabricated from more commercially significant 
nitrate precursors.  
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1.5.3 Pd and Rh model catalysts on CeO2 and Ce0.7Zr0.3O2 supports 
The third topic in this thesis involves investigating the fundamental interactions of 
Pd and Rh on ceria (CeO2) and ceria-based (Ce0.7Zr0.3O2) oxide supports.  Ceria and 
ceria-based oxides have been widely investigated as electronic promoters of activity, 
selectivity, and thermal stability in a variety of catalysts. Ceria supported Pd is an 
important catalyst for a variety of applications, including the catalytic combustion of 
methane, diesel oxidation, and modern automotive TWCs.  The overall objective of this 
work is to develop a better understanding of fundamental interactions between Pd and 
ceria-based supports.  In a primary study, cross sectional HRTEM was combined with 
theoretical calculations and simulations to determine the fundamental interactions 
between precious metals (Pd and Rh) and the CeO2 support surface.   
In an additional study, the role of stress, relative to chemical bonding between 
Ce0.7Zr0.3O2 and Pd, in driving the oxide-wetting process, was investigated.  This work 
expands on previous work
37
 and reveals additional subtleties involved in ceria-based 
catalyst support migration and particle wetting.  Aside from any impact on these specific 
energy applications, this work seeks to better understand key mechanisms of thermal 
degradation in these important catalysts.  Such fundamental knowledge is needed for a 
more complete scientific understanding of aging phenomena in this important class of 
environmental catalysts. 
All of these projects are part of larger collaborative efforts to relate catalyst 
morphology to cost, performance, and reliability.  To make progress toward this goal, 
data from structural characterization of catalyst materials are combined with chemical 
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Figure 1.1:  (a) Current and projected U.S. daily oil consumption by application  (b) 






































































































Figure 1.2:  U.S. oil sources, showing the increased dependence on imported petroleum 









































































































































































Figure 1.4: Recent trends and projections, along with demand by end use sector, for 
platinum group metals. Note: Due to price volatility, accurate projections for Rh were not 

















































Figure 1.6:  Market share of diesel vehicles and European platinum demand 1999 -2007 
with growth rates (Data from  Johnson Matthey
39
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The objective of this thesis is to use atomic scale characterization techniques to 
investigate structure property relationships in three heterogeneous catalysts systems. This 
chapter will briefly introduce some of the materials characterization techniques used to 
accomplish this objective.   Details of any of these techniques can be found in the 
archival literature.  However, this chapter will present both the fundamental principles of 
the major techniques as well as details on the specific instruments used in this thesis.   An 
additional goal of this chapter is to present some of the film growth and deposition 
methods used to prepare the model catalyst discussed in Chapter 5.  
2.2 Characterization Techniques 
2.2.1 Transmission Electron Microscopy 
 The principle instrument for materials characterization for all of the projects 
presented in this thesis is the transmission electron microscope (TEM).  The TEM, 
analogous to a transmitted light microscope, is a microscopy technique whereby an 
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incident energy beam consisting of electrons (instead of light) is transmitted though an 
ultra thin specimen.  The electron beam interacts with the sample as it passes through, 
and the image formed from this interaction is magnified and recorded.   In any 
microscope, the resolution is limited by the wavelength of the incident beam as described 
by the Rayleigh criterion (Equation:  2.1).      
Where ∆l = spatial resolution 
   λ =    wavelength of the incident beam 
   N.A.  = numerical aperture of the microscope 
 
Due to their higher energy, the incident electrons have a much smaller wavelength than 
visible light (0.0022nm for 200kV electrons versus 450nm for blue light).  Therefore, in 
TEM this shorter wavelength allows much greater spatial resolution.  This principle, first 
demonstrated by researchers at the Technological University of Berlin in 1931
1
, has made   
TEM one of the preeminent tools for microstructural characterization since commercial 
instruments were first introduced in 1937.
1-2
 
Accordingly, TEM techniques have been widely utilized in the study of catalysts 
systems for direct visualization of catalyst structure at the atomic scale.
3
  Conventional 
catalyst characterization techniques are typically based on averaging chemical or 
spectroscopic signals over a relatively large volume or area and require interpretation for 
site specific results.
4
   Because the active phases of commercial catalysts are increasingly 
composed of nanoscale materials
5
, electron microscopy has become an invaluable tool for 










can be directly imaged by TEM with minimal sample preparation. TEM can be used to 
investigate the size, shape, and chemical composition of both metal particles and support 
materials.
6
  As the role of interfacial phenomena in catalytic reactions has gained more 
attention, TEM has been a valuable technique for investigating interactions between 
catalyst particles and support materials.
3, 7
 
Although there are several useful texts on the subject of transmission electron 
microscopy
8-9
, it would be useful to present some basic principles here. As the name 
implies, in TEM, incident electrons are transmitted through the sample.  Details about 
material structure can be obtained by interpreting either the transmitted image or the 
image on the diffraction plane. A schematic of a TEM and a ray diagram are shown in 
Figure 2.1. The source of the electron beam is referred to as the gun, which can be 
thermionic or field emission. Before the beam interacts with the sample, it passes through 
a series of condenser apertures and lenses.  Likewise, after the sample, the beam passes 
through objective and projector apertures and lenses before being viewed and recorded by 
the user on the imaging plane.   Aside from basic imaging, TEM can be used in 
combination with a variety of structural and spectroscopic characterization tools which 
will be discussed in subsequent paragraphs.  
2.2.1.1 HRTEM 
 High resolution transmission electron microscopy (HRTEM) is a form of TEM 
that allows for imaging of crystallographic lattices and discrete atomic columns.   In 
HRTEM, image contrast arises from differences in phase.  After the electron beam passes 
through a material, the diffracted waveform is the Fourier transform of the scattering 
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factor distribution in the material, ρ(r).  Therefore, the Fourier transform of ρ(r) can be 
expressed with the following Equation 2.2:  
In this equation, ∆k is a “diffraction vector,” which accounts for periodicities in the 
specimen.   The resulting HRTEM image is an interference pattern between defracted and 
forward scattering electron waves.
2
 
 Extending the discussion of HRTEM and the wave nature of electrons, we should 
present the weak phase object approximation (WPOA) for transmission electron 
microscopy. Although more exhaustive descriptions of the fundamental physics in 
HRETM are found in several textbooks  and reviews
2, 10-14
, it might be helpful to very 
briefly discuss some of the critical concepts here in a method summarized by Wang.
10
  If 
Ψ(r) is the electron waveform at the exit face of the specimen, and ψ(u) is its Fourier 
transform, then the diffraction amplitude ψ’(u) function at the back focal plane is given in 
Equation 2.3:  
 Where:  u  = reciprocal space vector 
   χ(u) = phase function (shown in Equation 2.4)  
 
 Where  Cs  = spherical aberration coefficient  
   ∆f  = lens defocus 








ρ  [Equation 2.2] 
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Therefore, the phase function (χ) arising from the objective lens is a function of Cs and 
the lens defocus.  The defocus value with the maximum directly interpretable resolution 
is termed the Scherzer defocus.  The Scherzer resolution (rsch) can simply be summarized 
in terms of the Scherzer defocus in Equation 2.5:
8, 11
 
The actual resolution limit of the microscope depends on the design of a particular 
instrument  and might be somewhat larger than the Scherzer resolution, due to energy 
spreads, higher order aberrations, and fluctuations in high voltage.
15
 
 The HRTEM data presented in this thesis was performed on a JEOL 3011 located 
in the Electron Microbeam Analysis Laboratory (EMAL) at the University of Michigan.  
The JEOL 3011 is a 300 kV microscope with a lanthanum hexaboride (LaB6) thermionic 
emission filament and has a point-to-point resolution of 0.17 nm.  This instrument is 
equipped with an integrated EDAX ® energy dispersive spectroscopy (EDS) system for 
compositional analysis (further discussed in 2.2.1.4 ). 
2.2.1.2 Scanning Transmission Electron Microscopy  
 Scanning transmission electron microscopy (STEM) differs from conventional 
TEM and HRTEM.  In STEM, the incident electron beam is focused into a probe, which  
is rastered (or scanned) across a specimen.  A major advantage of STEM is that the user 
can focus the probe on specific regions of the sample to obtain highly localized imaging 
or spectroscopic information. Therefore, high resolution compositional analysis is 





66.0 λssch Cr =  [Equation 2.5] 
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Furthermore, in STEM, spatial resolutions for both imaging and chemical analysis are 
strong functions of the diameter of the incident probe.  The Scherzer resolution (rsch) in a 
STEM is given by Equation 2.6.
15
  
 STEM instruments can be equipped with a high angle annular dark field 
(HAADF) detector.  HAADF works by collecting incoherent elastically scattered 
electrons at high angles (75-150 mRad)
15
.  At these angles, intensity of the scattered 




  In HAADF imaging, 
otherwise known as “z-contrast” imaging, contrast arises primarily from the differences 
in the atomic number and not primarily from the phase present.   Although differences in 
atomic number are the primary source of contrast, other factors, most notably mass 
thickness contrast, must be considered when interpreting HAADF images.
19 
 In this thesis, four microscopes were used for HAADF-STEM analysis.  The first 
of these is a JEOL 2010F located in EMAL at the University of Michigan. The JEOL 
2010F is operated at 200KV with a field emission gun and a point to point resolution (in 
STEM mode) of less than 2Å.  However, typical analytical use specifies a probe size of 
0.5 nm and a camera length of 12 cm.  This limits actual resolution to be significantly 
less than the ultimate STEM resolution; however, this condition was preferable for 
compositional analysis.  The JEOL 2010F was also equipped with a Gatan Image Filter 
(GIF) for electron energy loss spectroscopy (EELS) and an integrated EDAX® EDS 
system.  
 HAADF imaging was also performed on a Hitachi HF3300 located at the High 





43.0 ssch Cr λ=  
[Equation 2.6] 
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(shown in Figure 2.3). is operated at 300 kV with STEM resolution 0.2 nm This 
microscope is equipped with a cold field emission electron source that provides higher 
brightness and greater coherency
20-21
 and also has an integrated Thermo-Noran EDS 
analyzer for compositional analysis. 
 The HF 3330 was used extensively for the PtPd bimetallic catalysts discussed in 
Chapter 4.  A notable feature of this microscope and of many STEM instruments is that it 
is equipped with a secondary electron (SE) detector.
22
  This enabled the HF3300 to be 
used in ultra high resolution scanning electron microscopy (SEM) imaging, HRTEM 
imaging, and HAADF imaging.  Typical SE and HAADF STEM images of alumina 
supported PtPd bimetallic catalysts are presented in Figure 2.4.  The other STEM 
instruments both used aberration correction and will be discussed in the following 
section.  
2.2.1.3 Aberration Corrected Electron Microscopy 
All forms of microscopy are constrained by the fact that the realistic resolution of 
a particular instrument is always less than the theoretical limit.  These deviations from the 
ideal resolution are caused by aberrations, or imperfections, in the image forming optical 
system.
23
  Spherical aberration (Cs) is one of the most important types of aberrations, but 
it is only one of many imperfections that can affect resolution.  Recalling Equation 2.5, 
one can see that the information limit of a microscope is a function of the (Cs).    
Scherzer first proposed using multiple lenses to cancel out aberrations in  1947.
24
 
One of the critical hurdles encountered was controlling various electronic and magnetic 
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elements simultaneously in a systematic fashion.  This problem has largely been 
overcome with automatic image acquisition and computer controlled alignment.
25
  The 
last decade has seen the development and commercial introduction of computer 
controlled aberration correctors.  Aberration correction software calculates the probe 
forming lens aberrations by performing a tilt series of HAADF images on a standard  
carbon supported gold (Au/C) standard sample.
26-27
  Figure 2.5 (a) is a screenshot of the 
CEOS probe correction software after completion of the aberration correction.  From this 
image, we can see that the electron probe remains flat over a 40mRad area.  This allows 
the user to use a significantly larger collection angle over an uncorrected TEM.
27
  This 
effect can also be seen by investigation of the “shadow image” or Ronchigram.  After 
aberration-correction, the corrected flat phase field is much larger in the corresponding 
Ronchigram, than that of an uncorrected probe (illustrated in Figure 2.5 b and c). 
Two corrected TEM’s were used for both HAADF STEM and bright field 
(STEM) imaging in this thesis.  The first of these, a JEOL 2200FS fitted with a hexapole 
aberration corrector (CEOS GmbH) for the probe-forming optics, is capable of sub-100 
pm spatial resolution in STEM mode.  This microscope was equipped with a Bruker SDD 
EDS detector for high sensitivity chemical analysis with high spatial resolution.
28
 Further 
details of the instrument, which is located in the Advanced Microscopy Laboratory 
(AML) at Oak Ridge National Laboratory, can be found in several earlier reports.
29-31
  
Additional aberration corrected imaging was performed on a similar instrument, a JEOL 
2100F. This 200kV STEM/TEM (located in EMAL at the University of Michigan and 
shown in Figure 2.6) is also equipped with a CEOS hexapole probe corrector and an 
EDAX EDS detector. 
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2.2.1.4 Energy Dispersive Spectroscopy 
Energy dispersive spectroscopy (EDS), sometimes referred to as X-ray energy 
dispersive spectroscopy (XEDS), is a chemical spectroscopy technique that can be used 
in connection with TEM.  This type of spectroscopy arises from an interaction between 
the electron beam and the sample in question.  EDS works by detecting X-rays that are 
emitted by the specimen upon electron beam relaxation.  The X-ray photons are 
generated by a relaxation of an outer shell electron to an inner shell hole.  This is shown 
schematically in Figure 2.7. These X-rays pass through a protective window and are 
absorbed by a detector.  Typically, silicon-lithium detectors have been used with TEM, 
but newer silicon drift detectors (SDD) have been introduced in recent years. The X-ray 
energy is transferred to the Si-Li and processed into a digital signal that is typically 
displayed as a histogram of the number of photons plotted against energy.  A critical 
variable in X-ray microanalysis is the rate at which photons interact with the detector.  
This variable is usually reported as the counts per second (CPS).  A key parameter that 
affects the CPS is the X-ray scattering and absorption cross section of the sample.  Other 
parameters that affect the CPS include the condenser aperture size, the probe size, beam 
current, and sample thickness.  The optimal count rate value for Si-Li detectors is 1000-
15,000CPS.  If the CPS is too low, then it is difficult to collect adequate counting 
statistics; if it is too high, and the detector can be damaged.  This demonstrates one of the 




The spatial resolution of EDS is approximately 1nm in most conventional 
systems, but a modern aberration corrected STEM with an SDD detector (such as the 
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JEOL 2200FS discussed in section 2.2.1.2) can achieve sub-nanometer resolution. EDS 
adds some opportunities for quantification.  Several methods have been used to quantify 
EDS spectra, but one of the simplest and most enduring methods is the method described 
by Cliff and Lormier in 1975 
1, 32-33
  (described in Equation 2.7).  
 
CA =  concentration of element A 
IA =  X-ray intensity from element A 
kAB =  Cliff-Lorimer sensitivity factor  (experimentally 
determined for specific A-B combinations
14
) 
2.2.1.5 Electron Energy Loss Spectroscopy  
Electron energy loss spectroscopy (EELS) is another type of chemical 
spectroscopy that can be used in connection with both TEM and STEM.  EELS was first 
demonstrated in a TEM in 1949 by Möllensradt
34
, and the basic design of  a EELS 
spectrometer is shown in  Figure 2.8.  Recall that in section 2.2.1.2 that in HAADF 
imaging, some electrons are elastically scattered at high angles which form the Z-contrast 
image.  However, EELS utilizes inelastically scattered electrons at significantly smaller 
angles than HAADF imaging.   
The fundamental principle of EELS is the Coulombic interaction of an electron 
beam with atoms in the sample solid.   When the electron beam interacts (with initial 















the outer electron shells.
35
  Because this scattering event is inelastic, it involves a small 
loss of energy (∆E).  This lost energy corresponds to a core level vacancy created by the 
electron beam.  The energy needed to create a particular vacancy is characteristic to each 
element, and there have been several well-documented “atlases” of EELS spectra.
36
 
Quantification of EELS spectra is possible, and can be quite accurate when 
standards are used.
35
  Precise quantification of EELS spectra is dependent not only on the 
energy of these scattered electrons, but also on the angle at which they are collected.
37
  
Similar to EDS, spatial resolution in EELS is limited by the probe size, and several recent 
reports have been able to discriminate between single atoms on modern aberration 
corrected STEM instruments.
38-40
 EELS can also be used to investigate valence state and 
local bonding structure.  EELS was performed to determine the composition in the 
PtCo/C fuel cell catalysts discussed in Chapter 4, and to determine the degree of valence 
state of cerium oxide in the model catalyst study of Chapter 5.  
2.2.1.6  TEM Sample Preparation 
In general, all TEM specimens must be thin enough to be transparent to the 
incident electron beam
2, 14
, and several methods have been reported as techniques for 
TEM specimen preparation of powder materials.  For the alumina supported Pt-Pd 
powder materials discussed in Chapters 4, the particle size for the samples in this study 
was very small, thus no additional thinning was required to make the specimens suitable 
for HRTEM imaging.  Each powder sample was dispersed onto a 300 mesh Holey 
Carbon coated copper grid (Structure Probe, Inc.). This is a common method for 
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preparing powder samples if primary particle size is sufficiently small.
41
  For the carbon 
supported PtCo fuel cell catalysts discussed in Chapter 3, the metal loading was much 
higher, and the samples were dispersed in liquid to facilitate HRTEM of individual 
particles.  Therefore, in the case of the fuel cell catalysts, each catalyst powder was 
immersed in a solution of 50% ethanol and 50% de-ionized water and ultrasonicated for 
several minutes before being dispersed onto 300 mesh carbon-coated copper TEM grids 
(Structure Probe, Inc.). 
Sample preparation for model catalysts was considerably more involved. The first 
step involves cleaning a piece of sacrificial silicon and coating it with a scientific 
adhesive.  In this study, M-Bond 610 was used for gluing the film side of the sample to 
the cleaned and polished surface of the sacrificial silicon.  M-bond 610 is a two 
component, solvent-thinned, epoxy-phenolic thermosetting adhesive. It is typically cured 
at elevated temperatures (approximately 130ºC ) for 8 to 12 hours. However, in the model 
catalyst studies reported in Chapter 5 of this thesis, the M-bond was cured without heat so 
as to not disturb the metal particles on the oxide surface.  Next, cross sections were 
created by cutting the film and silicon with a diamond saw and mechanically polishing 
the sample’s newly cut edge with SiC sand paper diamond lapping film (South Bay 
Technologies). This newly polished cross section was then glued using M-Bond to a 
3mm molybdenum ring (SPI Inc.).   Again, these samples were allowed to cure without 
heat for at least 12 hours.  After curing, the cross sections on rings were thinned using 
mechanical polishing (using SiC paper and diamond films) so that the ring and cross 
section together had a total thickness of between 100 -110 µm, followed by further 
mechanical thinning with a Gatan Model 696 dimple grinder.  
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The final step in cross sectional TEM sample preparation was argon ion milling 
using a Gatan Model 691 PIPS (precision ion polishing system).   Before ion milling, the 
samples were cleaned with acetone and placed on a Gatan clamp-type DuoPost® 
followed by argon ion milling using an accelerating voltage of 3.7-4.2kV with an incident 
angle between 3-5º.  The sacrificial silicon usually milled faster than the substrate.  
Samples are considered thin enough to image (20-200 nm thick) when the hole in the 
silicon reaches the interface as illustrated in Figure 2.9. 
2.2.2 X-ray Scattering Techniques 
2.2.2.1 Phase and Particle Size Analysis of Powder Samples 
X-ray scattering was used for several analyses in this thesis.  For the fuel cell 
catalyst discussed in Chapter 4, θ/2θ X-ray diffraction (XRD) measurements were 
performed on the electrode catalyst samples. These measurements were taken on a 
Rigaku rotating anode diffractometer using Cu Kα radiation (λ=1.54Å).  These electrodes 
were attached to a silicon coupon and packed into a steel sample holder to be in-line with 
the incident beam.  Patterns were obtained over the range 10 – 90° (2θ).   
Diffraction data was analyzed with Jade Software (MDI, Inc.) using the ICDD 
(International Center for Diffraction Data) PDF4 database. Jade software was used to 
identify and fit peaks, and the Debye-Scherrer relation ( Equation  2.8 ) was used to 





where: B = full width (in radians) at half maximum intensity of   
the powder pattern peak 
  K =  crystallite shape factor (0.9 is generally used 
3
 ) 
  λ =  the wave length of the incident X-rays 
  θ/2 =  a the Bragg angle 
 L = characteristic length scale of the diffracting crystals 
 
For the Pt-Pd bimetallic catalysts study presented in Chapter 4, X-ray diffraction 
(XRD) data were collected in a Scintag X2 diffractometer located at the Research and 
Innovation Center (RIC) at Ford Motor Company (Dearborn, MI).  This instrument was 
quipped with a Si(Li) solid state detector and also used Cu Kα radiation. It was 
configured in Bragg-Bretano focusing geometry.  Catalyst powders were prepared by 
packing in a shallow cavity etched into a glass plate.  Because of the severe overlap 
between the Pt or Pd peaks and the Al2O3 substrate, net intensity diffraction data were 
prepared by subtracting a scan of untreated alumina powder from intensities obtained 
from the catalyst samples. The resulting net intensity scan was profile-fit to characterize 
the breadth and position of the Pt and Pt-Pd peaks. Peak profiles were fit using the 
Pearson 7 function
44
 and the breadth and position of the peaks were corrected with factors 
obtained by analyzing the NIST Standard Reference Material SRM 660 (LaB6).
45
  
Diffraction data were obtained over the range 10 – 90° (2θ) in steps of 0.03°. Scherrer 
analysis of the Pt (311) peak of the fcc lattice (located near 81.2° for Pt) was used to 
determine to the crystallite size. The lattice parameter for the fcc phase of each catalyst 







B  [Equation 2.8] 
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 Lattice parameter for the precious metal particles was determined by 
measurement of the plane spacing using the Bragg law (Equation 2.9):  
where:  λ =  the wave length of the incident X-rays 
  d    =  spacing of a particular set of lattice planes  
   θ =  a the Bragg angle 
Plane spacing was used to calculate lattice parameter using the plane spacing equation for 
cubic systems (Equation 2.10). 
where:  a =  lattice parameter of  particular crystal 
  h,h,l    =  miller indices of a cubic crystal 
2.2.2.2 X-Ray Analysis of Thin Films 
X-ray scattering was also used to evaluate the thickness and quality of thin films 
grown as supports for the model catalyst study presented in Chapter 5.  In addition to the 
Rigaku rotating anode described in section 2.2.2.1 above, these studies also used a Bede 
DI diffractometer located at The University of Michigan.   
High-resolution X-ray diffraction (HRXRD) measurements were performed on 
the films grown at Pacific Northwest National Laboratory (PNL), using four-circle 
Philips X’pert materials research diffractometer operating at 45 kV and 40 mA with a 
fixed Cu anode. A hybrid monochromator, consisting of four bounce Ge(220) crystals 
and a Cu X-ray mirror, was employed in the incident beam path to provide 
)sin(2 θλ dn =  
[Equation 2.9] 
222
lkhda ++=  [Equation 2.10] 
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monochromatic X-rays from Cu Kα1 (λ=0.154056 nm and ∆λ/λ=23 ppm) with a beam 
divergence of 12 arc-sec.  
In X-ray reflecxometry (XRR), the diffractometer is operating in a similar θ/2θ 
configuration; however the 2θ angles are much smaller.   Using the grazing incidence 
technique allows for higher resolution investigation of surface layers and thin films     
Grazing incidence X-ray diffraction (GIXRD) is often used over conventional X-ray 
diffractometry (XRD) for crystallographic and structural analysis of thin films and other 
nanoscale surface features.
46-47
  This is due to the fact that a small incident angle 
increases the path length of the incident beam through the film, which simultaneously 
yields a stronger signal from the film and reduces the signal from the substrate.  GIXRD 
and XRR measurements were performed using Philips X’pert multi-purpose 
diffractometer operating at 45 kV and 40 mA with a fixed Cu anode and a Cu X-ray 
mirror.  
Film thickness can be determined from analysis of the interference fringes close 
to the main scattering peaks.  Assuming that the scattering planes are parallel to the 
surface, a characteristic length scale can be determined from the Bragg (Equation 2.9).  
Determining the film thickness from XRR and from the spacing of the interference or 




where:  λ =  the wave length of the incident X-rays 
  ωx    =  angular position (in radians) of local maxima peaks  
  nx   = local maxima of interference  fringes   
  t =  the film thickness  
 
For the films grown at both UM and  PNNL , the analysis of diffraction data was 
performed using JADE 8.5 and JPOWD 51 from Materials Data Inc. and PDF4+ data 
from Inorganic Crystal Structure Database (ICSD). 
2.2.3 Other Materials Characterization Techniques 
2.2.3.1 Atomic Force Microscopy 
Both the pulsed laser deposition (PLD) films and molecular beam epitaxy (MBE) films 
grown at PNNL were examined ex-situ using atomic force microscopic (AFM).   These 
studies were carried out using the Digital Instrument (DI) Nanoscope IIIa multimode 
scanning probe microscope under tapping mode.  
2.2.3.2 X-Ray Photoelectron Spectroscopy 
As a means to check film composition, X-ray Photoelectron Spectroscopy (XPS) 











t  [Equation 2.11] 
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performed using a Physical Electronics Instruments (PHI) Quantum 2000.  The X-ray 
source was monochromatic aluminum K radiation (1486.6 eV).  The X-ray beam could 
be focused to a spot size as low as10µm. The approximate sampling depth under these 
conditions is 25 Å. The samples were sputtered with 4 keV Ar
+
 ion beam in order to 
obtain a depth profile and to correct for surface contamination.  The approximate sputter 
rate was 50nm Å/min.   
XPS was also performed at UM to monitor precious metal deposition.  On these 
films XPS was performed using a Perkin Elmer XPS spectrometer that was integrated in 
the UHV chamber described in Section 2.3.3  below. The X-ray source was Mg  K, 




2.2.3.3 Rutherford Backscattering Spectrometry 
Rutherford backscattering spectrometry (RBS) is a powerful analytical tool for 
non-destructive quantitative analysis of surfaces, thin films, and interfaces.
49
 For single 
crystalline materials, RBS channeling can be used to investigate crystal structure and 
quality.  In RBS channeling, a low index zone axis is aligned with an incident beam of 
high energy (2 MeV) He atoms.  The backscattered signal from the aligned film is then 
compared to the intensity of that of a randomly aligned film, and the ratio of these two 
signals is used to provide a quantitative measure of crystalline quality. 
50
 For the studies 
of model catalysts discussed in Section 5.2.4, RBS channeling experiments were carried 
out in the Environmental Molecular Sciences Laboratory (EMSL) accelerator facility at 
the Pacific Northwest National Laboratory (PNNL). The backscattering spectra were 
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collected using a silicon surface barrier detector at a scattering angle of 150°. The details 
of the accelerator facility and the end stations were described elsewhere.
51
  
2.3 Model Catalysts Preparation 
2.3.1 Pulsed Laser Deposition  
Some of the planar supports for the model catalyst studies discussed in Chapter 5 
were grown using pulsed laser deposition PLD.  PLD, first described in 1965 by Smith 
and Turner
52
, has proven to be a versatile film deposition technique for a variety of 
applications.
53
  The technique had gained considerable attention in the deposition of high 
temperature superconductor
54
 and transparent conducting oxides.
55
 
In the PLD technique, a high power laser is used to vaporize a source (target) 
material, and the resultant flux is geometrically directed towards the growing film.  
Although conceptually PLD is straight forward, the underlying physical principles of 
laser ablation can be quite complex.   One of the advantages of PLD is the ability to 
stoichiometrically deposit complex multi-element materials.
56
 PLD has been used in 
catalysis research for some time.  Several recent studies have reported using PLD to 
produce highly ordered 3D nanostructures (nanoparticles and nanorods) that would be 
useful in heterogeneous catalysis.
57-58
  Since PLD has been used in model catalyst studies 
including Pt/YSZ
59
, PLD deposition in this thesis, however, will focus on producing 
supports for model catalysts studies.   
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Targets were made from a sintered pellet of commercially available ceria 
powders.  The CeO2  target was sintered in air at 1400ºC for 8 hours and the CZO target 
was sintered in air at 1550º C for 8 hours following methods generally described by 
Duh
60
. The sintered targets were approximately 3mm think and 21 mm in diameter, and 
target quality was confirmed by XRD and by confirming the theoretical density of the 
sintered pellet before deposition.  The CeO2 target had a final density of 6.44 g/cm3 
(88.25% theoretical density), while the CZO target had a final density of 6.31g/cm3 
(92.59% theoretical density).  XRD patterns for both of these targets (showing the desired 
fluorite structure) are provided in Figure 2.11. 
The PLD system utilized in this study is shown schematically in Figure 2.12.  The 
system used a pulsed eximer KrF laser (Compex 205, Lambda-Physik) as the photon 
source.   The laser has an operating wavelength of 248nm and a nominal pulse width of 
22 ns.    The PLD chamber had on-axis geometry, such that the substrate was directly in 
front of the surface of the target.  In this chamber, the target to substrate distance was   
approximately 6.5 cm, and the substrate was mounted, using colloidal Ag- paste (Ted 
Pella, Inc.), onto a radiative heating stage (Neocera Inc.) that could heat the substrate to 
900ºC.  The laser beam was focused onto the target with an angle of incidence of 
approximately 40º. The targets were mounted on a six target carousel (Neocera) that 
could rotate and raster the targets at the same time to prevent excessive target damage.  
 In the study discussed in Chapter 5, this chamber was used to grow thin CeO2 
films on the 111 surface of commercial YSZ substrates.   Deposition parameters were 
varied to optimize both crystalline quality (measured by ω-rocking curves in XRD) and 
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smoothness (measured by AFM).   Details of growth conditions will be presented in 
further detail in section 5.2.   
2.3.2  Oxide Film Growth Using Molecular Beam Epitaxy  
 In the last decade, molecular beam epitaxy (MBE) has been used to provide single 
crystalline supports for the study of the catalytic properties of cerium-zirconium mixed 
oxides.  In the investigation of Pd supported on ceria based oxides, Ce0.7Zr0.3O2 thin films 
on YSZ(111) by oxygen plasma-assisted molecular beam epitaxy (OPA-MBE) in a 
dedicated dual chamber ultrahigh vacuum (UHV) system configured specifically for 
oxide epitaxy.  In-situ characterization was carried out in a dual chamber ultrahigh 
vacuum (UHV) system, shown schematically in Figure 2.13.  In-situ characterization was 
carried out in a dual chamber ultrahigh vacuum (UHV) system. The chamber consists of 
metal evaporation sources, a UHV compatible electron cyclotron resonance (ECR) 
oxygen plasma source, and reflection high-energy electron diffraction (RHEED) for real 
time characterization of thin film growth.  Growth rate of thin films was measured in-situ 
by a quartz crystal oscillator (QCO) which was calibrated by analyzing the as-grown 
films using ex-situ techniques, such as X-ray reflectivity, Rutherford backscattering 
spectrometry, and X-ray photoelectron spectroscopy.  
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2.3.3  Precious Metal Deposition in UHV Conditions 
In the model catalysts studies presented in this thesis, precious metals were 
deposited using a UHV deposition system.  UHV deposition techniques have been used 
in fundamental catalysis research for some time, and are particularly useful in the area of 
model catalysts preparation.
61
  Operating at UHV conditions (generally defined as < 10
-8
 
Torr) can be used to prepare atomically-clean and well ordered surfaces and monolayers 
to be used in model catalysts studies.
62
    
The UHV system used in this study was equipped with a variety of tools for in-
situ characterization including electron spectrometry (Physical Electronics Industries), 
Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), ultraviolet 
photoelectron spectroscopy (UPS), and low energy ion scattering spectroscopy (LEISS). 
More details of this system can be found in earlier reports.
63-64
  Following deposition of 
the CeO2 and CZO support films using MBE or PLD a monolayer equivalent of Pd or Rh 
was deposited in this UHV chamber.  This system was equipped with thermal Pd and Rh 
sources for highly controlled in situ evaporation and deposition of metals. The base 
pressure of the UHV system was in the low 10
-10
 Torr range, and the working pressure 
was typically in the low 10
-9
 Torr range.  Film coverage was monitored using XPS.  A 
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Figure 2.1: (a) cross section of a JEOL 3000 series TEM (b) TEM ray diagram for 













Figure 2.3: Hitachi HF-3300 located in the High Temperature Materials Laboratory in 










Figure 2.4:  Typical (a) SE and (b) HAADF STEM images of alumina supported PtPd 
bimetallic catalysts collected from the HF-3300.  Contrast in the HAADF STEM image 
arises primarily from atomic number, therefore  the precious metal nanoparticle is 







Figure 2.5: (a) screenshot of CEOS probe correction software on JEOL 2100F (b) 
uncorrected Ronchigram  (c) corrected Ronchigram showing much larger “flat” area and 











Figure 2.7: (a)Schematic of some of the signal created from the interaction of a high 
energy electron beam with a thin sample (adapted from Brydson
34
) and (b) schematic of 





















                   
 
 
Figure 2.9: (a-c) Optical micrographs of silicon – CZO/YSZ cross sections at successive 









Figure 2.10: Example of film thickness determination from the Kiessing fringes on the 







Figure 2.11: θ/2θ XRD patterns of the CeO2 and Ce0.7Zr0.3O2 targets.  Both patterns 





















Figure 2.13: Schematic diagram of a flexible OPA-MBE system developed in the 
Environmental Molecular Science Laboratory at PNNL specifically for the growth of a 









Figure 2.14: UHV Spectrometer at The University of Michigan with Pd and Rh metal 
deposition sources, and equipped for XPS, AES , and LEIS spectroscopy.  
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Comparative Study of the Evolution of Carbon-Supported Pt and PtCo Fuel Cell 
Catalysts Aged Under Aggressive Potentiodynamic Cycling 
3.1 Introduction 
One of the major costs of proton-exchange membrane fuel cells (PEMFCs) is the 
carbon-supported platinum that is used as an electrocatalyst material.
1-2
 As discussed 
previously in section 2.2.1, alloying platinum with transition metals has been identified as 
a possible method to mitigate some of the cost (and performance) issues associated with 
Pt electrocatalysts.
3-10




, PtW, PtCr 
12
, PtPd, PtFe 
5
 and a host of 
ternary alloys
6
 have all been investigated as potential PEMFC catalyst materials,  PtCo is 
one of the most thoroughly investigated bimetallic catalysts for this application 
4, 8, 13-15
 
because of its low cost, high activity, and durability.  However, the nature of the 
enhancement mechanisms remains unclear.  
In their review
16
, Ralph and Hogarth discussed several theories that have been put 
forward for the improvement in performance of Pt-alloy electrocatalysts. One theory is 
that alloying with a base metal (such as Co) affects the Pt-Pt interatomic distance in a 
way that contributes to beneficial electronic effects. There is also some evidence that 
PtM/C alloys are more resistant to poisoning than pure Pt (see Appleby et.al.
17
). 
Additionally, several studies have suggested that the improved performance of PtCo 
catalysts can be partially attributed to increased surface roughening due to preferential 
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leaching of Co under the acidic conditions in which fuel cells operate. This leaching 
would increase Pt surface area by creating nanoporous  platinum 
16-17
. Because it is likely 
that several of these factors are at play simultaneously, it is difficult to conclusively state 
which ones are most critical to the performance of Pt-alloy catalysts.  
Many studies have also identified materials degradation issues that affect the 
lifetime and long-term performance of fuel cells.
18
  The performance loss has been 
partially attributed to the reduction of electrochemically active surface area (ECA) in the 
Pt electrocatalyst.
14-15
 Possible approaches to improve catalytic durability include 
tailoring both the support materials and the catalyst metals as well as understanding the 
interaction between these two components.
19
  Several mechanisms have been identified 
for the loss of electrochemically active surface area, including dissolution of the 
electrocatalyst materials
20-21
, oxidation of the carbon support 
22
, and precious metal 
particle growth.
11, 23-24
 Particle growth under voltage cycling conditions is especially 




In this study, aberration-corrected scatting transmission electron microscopy 
(STEM) and high resolution transmission electron microscopy (HRTEM) were used to 
characterize changes in carbon-supported Pt and PtCo alloy catalysts after both high-
temperature aging and aggressive voltage electrochemical cycling. Structural and 
compositional changes throughout cycling were also characterized using X-ray 
diffraction (XRD). This study addresses the affects of various treatment conditions on 
size, shape, and dispersion in carbon-supported Pt-alloy catalysts. The XRD and 
aberration-corrected STEM provided direct evidence of Co dealloying with cycling, 
 66 
while a statistical particle size analysis of HRTEM was used to propose a mechanism for 
catalyst deactivation under our testing protocol.  
3.2  Experimental 
3.2.1 Catalyst Selection and Composition 
Carbon-supported Pt and PtCo (Pt75Co25) powder catalysts with a metal loading of 
40 wt% were obtained from Tanaka Kikinzoku Kogyo (TKK). The PtCo alloy powder 
catalyst used in this study was prepared by high-temperature (800ºC -1000ºC) 
carbothermal reduction of Pt and a Co precursor in an inert atmosphere.
26
 
3.2.1.1  Acid Treatment and Thermal Aging 
Both Pt/C and PtCo/C catalysts were aged at 900°C in N2 for 1 hour in order to 
create more comparable catalysts. The thermal treatment was also performed to further 
characterize sintering properties.  Additionally, free powder samples were leached in 1M 
H2SO4 for 24 hours at room temperature.  
3.2.1.2 Electrochemical Cycling and Characterization 
For electrochemical characterization, the fresh Pt/C and PtCo/C catalysts were 
fashioned into electrodes by dispersing them onto pieces of conductive fabric. The target 
catalyst loading for these electrodes was approximately 0.4 mg Pt/cm
2
.  Electrochemical 
studies were performed using a standard three electrode cell coupled with a Solartron SI 
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1287 potentiostat/galvanostat.  Pt foil was used as the counter electrode, and an Ag/AgCl 
electrode was used as the reference electrode. The catalyst samples were immersed in a 
1M H2SO4 electrolyte, and all testing was performed at room temperature.    Pryor to 
cycling, the catalyst electrodes were conditioned by holding for 2 hours at a constant 
voltage of 1.3V RHE.  A square wave consisting of 15s at 1.3V followed by 15s at 0.5V 
was then applied. This test condition was designed to aggressively simulate automotive 
start-stop operation and was identified in our previous study as a test protocol that 
resulted in significant particle growth.
18
  Cyclic voltammograms at a 10 mV/s sweep rate 
were periodically collected to monitor changes in the catalysts. ECA was calculated by 




3.2.2 Transmission Electron Microscopy 
For TEM sample preparation, the catalyst was removed from the electrode by 
scraping the catalyst powder from the conductive fabric. Catalyst powders were 
immersed in a solution of 50% ethanol and 50% de-ionized water and ultrasonicated for 
several minutes before being dispersed onto a 300-mesh carbon-coated copper TEM grid. 
TEM was performed with a JEOL 3011 microscope operated at 300 kV with a 
point-to-point resolution of 0.17 nm. Particle diameters were measured directly on 
HRTEM images using an integrated software package. Particle-size distributions were 
constructed from diameter measurements of at least 100 particles taken for each sample. 
Means comparison tests were performed using SPSS (SPSS Inc., Chicago IL).  
Descriptive statistics and profile fitting of measured distributions was performed using 
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Minitab. For profile fitting, the largest and the smallest values were trimmed from each 
distribution. In addition to the particle size distribution data that went into the profile 
fitting used to test possible particle growth mechanisms, atomic resolution HRTEM 
images of each sample were taken in order to qualitatively observe any morphological 
differences (in particle size, shape, or lattice features) that might exist among the 
catalysts in this study.  
Aberration corrected scanning transmission electron microscopy (STEM) is a 
powerful and effective tool for the study of heterogeneous supported catalysts due to the 
fact that it is capable of providing structural and compositional information with sub-Å 
spatial resolution.
28-29
 In this study, fresh and aged catalyst samples were further 
characterized using high angle annular dark field (HAADF) with an aberration corrected 
JEOL 2100F. This 200 kV STEM/TEM (located in EMAL at the University of Michigan) 
is equipped with a CEOS hexapole probe corrector.  
Additional analysis was performed on a JEOL 220FS, an aberration corrected 
STEM/TEM instrument, located in the High Temperature Materials Laboratory (HTML) 
at Oak Ridge National Laboratory, which is capable of sub-100 pm spatial resolution.
29-30
  
The JEOL 2200FS is equipped with a Bruker 4030 AXS silicon drift detector (SDD) EDS 
system.  SDD detectors are becoming increasingly popular for nanoscale compositional 
analysis because of their high count rate and sensitivity
31
, and have been developed in 
recent years for high resolution elemental X-ray mapping.
32
  Both HAADF imaging and 
EDS mapping were was used to investigate the fresh and cycled PtCo/C catalysts.   
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3.2.3 XRD Measurements 
X-ray diffraction (XRD) measurements were also performed on the electrode 
catalyst samples in the “as received” (fresh) condition and at various points of 
electrochemical cycling. θ/2θ measurements were taken using a Rigaku rotating anode 
diffractometer with Cu Kα radiation (λ=1.54Å). The electrodes were attached to a silicon 
coupon and placed in the sample holder. Patterns were obtained over a range of 10º – 90° 
(2θ) with a scan speed of 5º/min and a sampling interval of 0.03º. The region of the fcc 
111 peak (at 39.76º for Pt 
33
 and 40.53º for CoPt3 
34
) was selected for profile fitting 
analysis using the Jade software package (MDI Inc.) using the ICDD (International 
Center for Diffraction Data) PDF4 database.  Lattice parameters for the metal particles 
were calculated by combining the Bragg law with the plane spacing equation. 
3.3 Results 
3.3.1 Characterization of Fresh Catalysts 
TEM images were obtained for both the fresh Pt/C and PtCo/C catalysts. Typical 
images for the Pt/C and PtCo/C samples are shown in Figure 3.2 and Figure 3.3  
respectively. Aside from differences in particle size, the Pt and PtCo particles closely 
resemble each other before cycling. Smaller Pt particles tend to exhibit more faceting 
than larger PtCo particles. The fresh Pt/C and PtCo/C catalyst were also characterized 
using an aberration-corrected electron microscope.  The aberration-corrected HAADF 
images, shown in Figure 3.4, provide no evidence of Co segregation in the fresh PtCo/C 
sample.  
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Platinum crystal structure and particle size were further characterized for both 
Pt/C and PtCo using XRD.  Full scale diffraction patterns are shown in Figure 3.1. The 
diffraction pattern for Pt/C appears to be similar to PtCo/C, however the platinum peaks 
of the Pt/C catalyst are wider than those of PtCo/C.  This indicates that the ‘as- received’ 
Pt/C catalyst has a lower crystallite size than the PtCo catalysts.  This result supports 
previously reported results by Yu and others.
4
 
3.3.2 Microstructure of Acid Leached and Thermally Aged Catalysts 
HRTEM images were collected for acid leached and high temperature aged 
catalysts.  Typical images for the acid leached and thermally aged Pt/C and PtCo/C 
samples are given in Figure 3.5 and Figure 3.6 respectively.  Atomic resolution features 
and twin planes are visible these HRTEM images.  
3.3.3 TEM Dispersions Measurements of Fresh, Acid Leached, and Thermally Aged 
Catalysts 
 During TEM observation, size measurements of at least 100 particles were taken 
for each sample before and after thermal aging, and these results are summarized in 
Figure 3.7 and Table 3.1. The TEM measurements indicate that fresh PtCo/C particles 
have a larger mean particle size than the fresh Pt/C particles. High-temperature aging 
promoted significant particle growth in the Pt/C catalysts, yet this thermal treatment did 
not significantly affect the particle size of the PtCo/C catalyst. 
 
3.3.4  Electrochemical Analysis 
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Following standard procedure, the electrochemical area was calculated from the 
integrated charge from hydrogen adsorption measured from cyclic voltammograms. Plots 
showing typical cyclic voltammograms of the Pt/C catalyst after 0, 800, and 2280 cycles 
of square of wave potential cycling (0, 200, and 450 minutes at 1.3 VRHE) are shown in 
Figure 3.8.  The shaded region in Figure 3.8(a) represents the integrated charge used to 
calculate the ECA.     
Change in the ECAs for both catalysts as a function of cycle number under our 
square wave potential cycling protocol is shown in Figure 3.9 . In each case, the ECA has 
been normalized by the value attained after the initial 2-hour conditioning treatment, 
denoted as ECAo. A notable difference between the two catalysts is that the 
electrochemical area for the PtCo alloy catalyst stays relatively constant for the first 480 
cycles (two cumulative hours at 1.3 VRHE). The electrochemical area of the pure Pt/C, 
however, decreases immediately. After the initial 480 cycles, the decline in ECA of both 
catalysts occurs at roughly the same rate. Due to the delayed onset of the PtCo/C ECA 
decline, it retained over 40% of its original electrochemical area whereas the pure Pt 
catalyst retained only approximately 25% of its ECA.   
3.3.5 Effect of Voltage Cycling Tests on Catalyst Morphology and Composition 
TEM and HRTEM images of the PtCo/C catalysts after 480 cycles are shown in 
Figure 3.11.  Aside from particle growth, we were not able to discern any specific 
structural changes in the catalyst nanoparticles in the HRTEM images. In particular, the 
image shown in Figure 3.11 (b) provides no evidence of dealloying or other 
compositional inhomogenities attributed to cycling.   
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Aberration-corrected HAADF images of both the Pt/C and PtCo/C catalysts after 
480 cycles are shown in Figure 3.12 . In the Pt/C image, there is no clearly observable 
difference in intensity across the particle other than that which would be expected for 
particle shape and thickness. In the case of the PtCo/C catalyst (fig. 6(b)), typical 
particles show a clear difference in intensity, indicating the possibility of either 
compositional or structural inhomogeneity. 
TEM images of the Pt and PtCo catalysts after 2400 cycles are shown in 
Figure 3.13.  By comparing these micrographs of the two catalysts with those from before 
(Figures 3.2, 3.3 ), one can see that noticeable metallic particle growth has occurred. 
From the TEM observations summarized in Figure 3.10 (along with the data from fresh, 
acid leached, and thermally aged) and Table 3.2, we can conclude that the PtCo/C 
catalyst underwent much less particle growth during cycling than the Pt/C catalyst did. 
Although the two catalyst samples had substantially different particle sizes initially, after 
2400 cycles (10 cumulative hours at 1.3 VRHE) no statistically significant (p>0.05) 
difference in mean particle size was found between the Pt/C and PtCo/C catalysts. Data 
collected with aberration-corrected HAADF images agree with results from the HRTEM 
after this point of aging.  
 HRTEM images of the catalysts revealed the presence of grain boundaries, 
generally in the form of twin boundaries. Examples of these grain boundaries can be 
found in Figure 3.18. Boundaries and twinning were more apparent in particles larger 
than 2 nm. Before cycling, HRTEM images revealed clearly observable boundaries in 
approximately 5.3% (3 of the 57 observed particles) of Pt/Co particles and 2.5% (2 out of 
77) of the Pt nanoparticles. However, after completion of the cycling test (Figure 3.18(c) 
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and (d)), boundaries were observed in 29% (16 of 55) and 17% (11 of 64) of observed 
PtCo and Pt particles, respectively. Additionally, in the case of aged Pt catalysts 
(Figure 3.18(c)), single twinning was more commonly observed in larger (d>15 nm) 
catalyst particles.   
XRD analysis provides some clues regarding the possible affect of Co on particle 
growth.   Figure 3.19 shows details of the θ/2θ XRD pattern of the PtCo/C catalyst at 
various stages of aging.  These scans illustrate that compositional changes in the catalyst 
particles are also taking place during cycling. The location of the 111 reflection shifts 
from 40.84º before cycling to 39.84º after 2400 cycles. While the lattice parameter of the 
pure Pt catalyst did not change appreciably with cycling (Figure 3.19), the lattice 
parameter of the PtCo catalyst increased from 3.82 Å for the fresh catalyst to 3.93Å (the 
value for bulk Pt) after 2400 cycles.   
 EELS analysis was performed using the Gatan Image Filter (GIF) on the JEOL 
2100F.   Characteristic EELS spectra for typical particles (with diameters near the median 
in our measured particle size distributions) are presented in Figure 3.14.  The intensity of 
the Co (L2,3) was largest for the fresh catalyst and decreased with cycling. It should be 
noted that characteristic Co peaks were not detected with EELS on typical particles after 
the 2400 cycles, however Co signal was found in some larger  (d>~20nm )particles  
The above mentioned EELS analysis was performed as point analysis on 
individual particles.  In order to determine the spatial distribution of Pt and Co, EDS 
analysis with spectrum imaging was performed on the integrated bucker SDD detector on 
the JEOL 2200FS at ORNL.  Spectrum images for both the fresh and the 480 cycled 
PtCo/C catalysts are presented in Figure 3.15.  These images show that while the fresh 
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catalyst was a well mixed alloy, the aged catalyst tended to have a Pt shell with a PtCo 
core.  Furthermore, sum-spectra from these images (Figure 3.16) showed that the fresh 
catalyst contained more Co than the aged catalyst, providing further evidence of a loss of 
Co with cycling.  
3.4 Discussion 
Aside from differences in particle size, both HRTEM and aberration-corrected 
HAADF stem imaging did not yield clear differences in the atomic structure of the fresh 
catalysts aside from the fact that fresh Pt/C were found to be more highly faceted than 
corresponding fresh PtCo/C catalysts. This can be attributed to the fact that PtCo particles 
are generally larger than Pt particles, and smaller particles have been shown to exhibit 
more faceting by adopting FCC equilibrium shapes even at quite small particles sizes.
35-36
  
Both HRTEM and HAADF imaging revealed well-mixed alloy particles with no 
significant Co segregation or ordered phases in the fresh PtCo/C catalyst.  
The mean particle sizes for the fresh, acid leached and thermally aged catalysts 
are given in Figure 3.7.  Several statistical data analysis techniques were used to 
determine the significance of the observed differences in the mean particle sizes.  In the 
distribution data, the variances within groups were not homogenous.  Because analysis of 
variance (ANOVA) techniques assume homogeneity of the variances, non-parametric 
techniques were used to compare the means.
37
 SPSS was used to perform a Kruskal-
Wallis analysis with Mann-Whitney post-tests. In all tests, values of p<0.05 were judged 
to be significant.  The relevant statistical analysis results are summarized in Table 3.3.  
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Statistical testing indicates that high-temperature aging did promote significant 
particle growth in the Pt/C catalyst; however, the thermal treatment did not have a 
statistically significant effect on the mean PtCo/C particle size, presumably because it 
had previously experienced high temperatures during carbothermal fabrication.  
Significant differences were also found between ‘as received’ PtCo/C and acid leached 
PtCo/C, however it should be noted that acid leaching did not have a statistically 
significant effect on the Pt/C particle size.  
Cyclic aging, on the other hand, produced more pronounced changes in the 
PtCo/C catalyst, as revealed in the aberration-corrected HAADF images after 480 cycles. 
Although the HRTEM image (Figure 3.11) shows no atomic resolution differences after 
aging, the HAADF image (Figure 3.12b) clearly reveals that some structural change has 
occurred with aging. As intensity in HAADF scales proportionally to atomic number, it is 
reasonable to attribute these differences in intensity to areas with Co or with voids in the 
nanoparticles.  EDS spectrum imaging indicates that these particles indeed have less Co 
in the outer layers.  Other researchers
38
 have reported  similar results for H2SO4 leached 
structures of Pt3Co.  Earlier reports have suggested that selective Co dissolution might be 
localized to the outer few atomic layers.
39
  Our current observation of Pt-Co core 
encapsulated by a Pt shell indicates that this mechanism is taking place to some degree. It 
has been suggested that the  increase in oxygen reduction activity can be, at least partially 
attributed, to the increase in surface area, due to the selective dissolution (dealloying) of 
the less-noble metal from the PtM (M = Ni, Co, etc.) alloy catalysts.
16-17, 40
 Both EELS 
and EDS analysis further support the idea of selective dissolution.  This model is shown 
schematically in Figure 3.17.  
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The electrochemical aging protocol revealed some structural changes that were 
observable in XRD. As noted earlier, detailed analysis of the PtCo (111) peak 
(Figure 3.19) indicated a shift in peak location and lattice parameter with aging. 
Platinum-cobalt alloys retain FCC structure for Pt-rich compositions with a near-linear 
decrease in lattice spacing with increasing Co content and a slightly positive deviation 
from Vegard’s Law.
7, 41
  Therefore, this shift and the resulting change in the lattice 
parameter indicate that Co is being removed from the particles during cycling. This 
diffraction analysis provides further evidence that Co removal is a “bulk” process and not 
limited to the surface of the individual nanoparticles.  
 Additionally, XRD analysis reveals that the 111 peak narrows and the intensity 
increases with increasing cycling time, indicating that crystallite size increases with 
electrochemical cycling. Debye-Scherrer
42-43
 analysis of the XRD peak breadth generally 
supports the trends found in the TEM observations, i.e., that  the Pt/C catalyst particles 
begin with a smaller mean particle size than those in the PtCo/C catalyst, however, the 
Pt/C catalyst particles undergo more growth (on average) than the PtCo catalysts.  
In an effort to gain some further insight on the mechanisms of catalyst 
deactivation via particle growth, particle size distributions measured directly from TEM 
images were analyzed and fitted to the smallest extreme value (SEV) distribution 
function and the lognormal distribution function (LNDF). Classical studies have 
identified two primary mechanisms for particle growth under a wide variety of 
conditions.
44-45
  The interparticle transport mechanism characterizes particle growth 
through redeposition of dissolved Pt species (a process similar to Ostwald ripening). The 




  The kinetics of this process have been described in detail in the Lifshitz-
Slyozov-Wagner (LSW) theory, which shows a resultant particle-size distribution with 
the tail skewed toward smaller particles sizes. Mathematically, this distribution can be 
modeled very closely by Gumbel type I or the smallest extreme value (SEV) distribution 
function (Figure 3.20a).
44-45, 47
  The probability density function of the SEV distribution 
function is given by Equation 3.1 :  
Where:    d =  measured particle diameter 
  µ =  location parameter (mode) 
  β  =  scale parameter  
 
Another growth mechanism that has been proposed is particle migration and 
coalescence.
24, 47
 This process can be described as growth by coalescence after direct 
impingement of particles randomly moving in a Brownian fashion on a support surface, 
and the rate-limiting step can be either the mobility of the catalyst on the support or the 
kinetics of the coalescence process 
44
. In contrast to O-R, migration and coalescence 
leads to a distribution shape of a lognormal distribution function (LNDF) (Figure 3.20b). 
The probability density function is given by Equation 3.2 :  
Where:    d =  measured particle diameter 
  θ =  location parameter  

































 Equation 3.2 
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Individual distribution identification was performed using the Minitab software 
package, and a probability plot was constructed for each distribution in question. A given 
population is a good fit if the data points roughly follow a straight line and the p-value is 
greater than the desired alpha value (0.05 in this study). If the data fits more than one 
distribution, then the highest p-value is selected. Probability plots used for distribution 
identification for the Pt/C (after 2400 cycles) are given along with histograms in 
Figure 3.20. As shown, the data best fits the LNDF indicated by the straight line on 
probability plot and its corresponding large p-value (p=0.414).   
The LNDF was, in fact, the better fit of the two distributions for all samples 
tested, and histograms of measured particle size distributions fitted to the log-normal 
distribution for the cycled Pt and PtCo catalysts are shown in Figure 3.21.  This result 
indicates that migration and coalescence was the dominant mechanism for catalyst 
particle growth under this type of testing.   Migration and coalescence has also been 
found to be the primary growth mechanism in previous work involving single-cell 
accelerated life tests with Pt catalysts
11
, and the present result  is in agreement. It has 
been previously reported 
48
 that interparticle transport through dissolution/redeposition is 
the more prevalent sintering mechanism under load cycling protocols; however, we found 
no strong evidence of ripening in our study. The fact that none of the distributions fit the 
distribution typical of O-R does not mean the O-R is not taking place since more than one 
growth mechanism might be taking place at the same time.
47
  XRD provides solid 
evidence that PtCo-particle dissolution and subsequent Pt redeposition with concomitant 
loss of Co is taking place, though the fate of the lost Co remains unknown.  
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The increase in the prevalence of grain boundaries and twinned particles with 
aging provides further evidence for migration and coalescence as the primary growth 
mechanism. McGinn and others
49
 proposed a model for the growth of gold on amorphous 
SiO2, based on an extension of Glieter’s “growth accident” model, to include the 
coalescence of particles. This model proposed that perfect 111 twin boundaries can arise, 
through interparticle transport, from migration and coalescence of two particles in order 
to minimize the boundary energy between these grains. Additionally, Harris 
50
 has 
provided evidence that the increase in prevalence of these twin boundaries can be 
attributed to particle coalescence. The formation of singly twined particles is an 
indication of kinetic (rather than thermodynamic) growth.
51
  Thus, the increase in density 
of the grain boundaries is consistent with simple coalescence of the original particles.  
The delay of the onset of ECA decline for the PtCo/C catalyst relative to the Pt/C 
catalyst appears to be clearly associated with the loss of Co from the PtCo alloy particles 
in the catalyst sample. Aside from selective dealloying, it can also be surmised that more 
significant particle growth from migration and coalescence is also associated with the 
loss of Co from the PtCo particles. This may be explained by the “anchoring effect” of 
Co on Pt nanoparticles.  Previous studies
12, 52
 have suggested that the addition of base 
metals (such as Co and Ni) to Pt can lower particle mobility on a carbon support. The 
mechanism for this lowering in particle mobility is that base metals increase the 
interaction between the nanoparticles and the carbon support.
8
  In this study, as the PtCo 
alloy catalysts lost Co to become more platinum-like they became more susceptible to 
migration and coalescence, resulting in the observed loss in ECA. This study provides 
further evidence for this mechanism in that the anchoring effect of Co decreases as Co is 
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lost from PtCo particles during dissolution/redeposition of the metal nanoparticles with 
cycling.   
3.5 Conclusions 
In this study, direct TEM observation of commercial Pt and PtCo alloy catalysts 
enabled both atomic-scale structural characterization and quantitative analysis of 
dispersion loss leading to deactivation.  In comparing carbon-supported Pt and PtCo, 
PtCo particles were initially larger in size than Pt particles, due to their synthesis, but 
particle growth under aggressive electrochemical aging was initially delayed. Aberration-
corrected HAADF imaging revealed inhomogeneities in the PtCo particles after 480 
cycles, the formation of which we presume to be due to selective Co dissolution. XRD 
diffraction demonstrated that a gradual removal of Co metal occurs with electrochemical 
cycling. Furthermore, statistical analysis of TEM results indicates that significant 
differences exist between the PtCo/C and the Pt/C dispersions. In both catalysts, 
significant differences in the mean particle size could be attributed to cyclic aging; 
however, the PtCo catalyst retained twice as much of its original electrochemical area as 
the pure Pt catalysts. The shape of the resulting distribution supports the idea that 
migration and coalescence are the dominant particle growth mechanisms in these 
catalysts. Differences in the particle growth behavior may be attributed to the anchoring 





























106 2.45 0.64 2.32 2.57 0.93 4.38 
Pt/C Aged 900C 
 
103 4.11 1.15 3.88 4.33 1.57 8.17 
PtCo/C 
 
107 4.80 2.22 4.37 5.22 1.93 15.60 
PtCo/C Acid  
Leached 
 
101 4.19 1.91 3.81 4.57 1.14 15.60 
PtCo/C 900°C 
 
120 4.86 1.49 4.59 5.13 2.11 10.80 





Table 3.2:  Descriptive Statistics for particle sizes of fresh, acid leached and thermally 















Pt/C 0 cycles 113 2.42 1.09 0.74 2.20 8.18 
Pt/C 480 cycles 102 4.22 2.02 0.79 4.25 12.50 
Pt/C 2400 cycles 112 7.62 5.42 1.53 5.70 30.20 
PtCo/C 0 cycles 110 4.45 3.56 1.99 3.72 32.20 
PtCo/C 480 cycles 110 5.85 6.44 1.46 4.77 64.10 






Table 3.3:  Statistical (Mann Whitney) comparison of mean particle sizes. Mean particle 
sizes given with ± 1σ. Results with p<0.05 from Mann-Whitney test are underlined 
 Sample 1 Sample 2 p-value 
  
Pt/C ‘as received’ 
 




2.58±0.85 4.8±2.22 <0.001 
 Pt/C ‘as received’ Pt/C ‘acid leached’  
mean size(nm) 
 
2.58±0.85 2.45±0.45 0.594 
 Pt/C ‘as received Pt/C aged 900°C  
mean size(nm) 
 
2.58±0.85 4.11±1.15 <0.001 
 PtCo/C ‘as received’ PCo/C ‘acid leached’  
mean size(nm) 
 
4.8±2.22 4.19±1.91 0.021 
 PtCo/C ‘as received PtCo/C aged 900°C  
mean size(nm) 
 







Figure 3.1:  Full scale XRD pattern for the fresh PtCo and the Pt/C catalysts. The Pt peaks are 
higher and more will defined for the PtCo catalysts. The PtCo111 and PtCo311 are located at 
larger 2θ angles than corresponding Pt catalysts. 







































































































Figure 3.2:  (a) TEM and (b) HRTEM images for fresh Pt/C catalyst. Insets in (b) show 
FFT (left) of the particle, indicating that the zone axis of the particle is along the [110] 








Figure 3.3:  (a) TEM and (b) HRTEM images for fresh PtCo/C catalyst. Insets in (b) 
show FFT (left) of the particle, indicating that viewing is along the [110] FCC zone axis, 







Figure 3.4:  Aberration corrected HAADF STEM image of fresh (a) Pt/C and (b) PtCo/C 











































Figure 3.7:  Mean particle size (in nm) for Pt/C and PtCo/C samples. Error bars represent 





Figure 3.8:  Plots showing typical cyclic voltamagrams of the Pt/C catalyst after (a) 0 min 
(b) 200 min (1800 cycles) and (c) 450 minutes (2280 cycles) of square of page potential 



























Figure 3.9:  Decline in normalized electrochemical area (ECA) of  PtCo/C and Pt/C, 




































Figure 3.10:  Mean particle size (in nm) for Pt/C and PtCo/C samples. Error bars 






Figure 3.11:  (a) TEM images for PtCo/C after 480 cycles. Inset (b),  HRTEM  of typical 
particle aligned to [111] FCC zone axis 
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Figure 3.12:  Typical high resolution aberration-corrected HAADF STEM images of (a) 
Pt/C after 480 cycles and (b) PtCo/C after 480 cycles. Note the significant intensity 















Figure 3.14:  Normalized spectra showing the Co L2,3 region of the electron energy loss 







Figure 3.15:  (a) DF image and (b) Pt and Co map of the fresh PtCo/C catalyst (c) DF 
image and (d) Pt and Co map of the PtCo/C catalyst after 480 cycles.  The figure (d) 






Figure 3.16: EDS sum spectra for fresh and cycled PtCo/C catalysts showing a significant 













Figure 3.18:  HRTEM images showing grain boundaries in (a) fresh Pt/C, (b) fresh 




Figure 3.19:  XRD results showing details of the fcc 111 peak for the PtCo/C catalyst 
sample.  The inset shows that the PtCo lattice parameter approaches the value for bulk Pt 
(0.3923 nm) with cycling, while the Pt/C lattice constant does not change with cycling. 




















































Figure 3.20:  (top) Lognormal and (bottom) smallest extreme value probability plots for 
PtCo/C after 2400cycles.  Because the lognormal plot has the highest p-value (p = 0.414 














































































































Figure 3.21:  Measured particle size distributions for (a) Pt/C and (b) PtCo/C catalysts 
fitted to the lognormal distribution function. 
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Investigation of Alumina Supported Pt and Pt-Pd Alloy NO Oxidation Catalysts 
with Advanced Electron Microscopy 
4.1 Introduction 
Lean-burn gasoline and diesel engines provide significant increase in fuel 
economy over conventional gasoline engines for transportation applications, but the 
catalytic after-treatment of exhaust, notably NOx and soot, presents unique challenges.  
Accordingly, after-treatment technology has been extended beyond three-way catalysts to 
include NOx storage and release (NSR) catalysts, diesel particulate filters and selective 
catalytic reduction catalysts.  As is often the case, however, improved durability and 
lower precious metal loading remain important goals for further improvement. 
Oxidation of NO plays a prominent role in the catalytic after-treatment of exhaust 
gas from lean-combustion vehicles.  It is a critical step in the overall reaction that leads to 
NO storage in the NOx-storage/reduction (NSR) catalyst.
1
  Pt is one of the best NO 
oxidation catalysts, but previous studies have shown it quickly tends to lose surface area 
through particle coarsening at high temperatures.
2
  This effect is especially apparent 
under excess-oxygen (lean burn) conditions.
3
  Although the mechanisms are not 
understood, alloying Pt with other metals is known to inhibit such particle growth.  
Several years ago, for example, Chen and Schmidt found that alloying Pt with Pd  




  However, multimetallic alloy catalysts, may have different catalytic 
properties than their constituents.
5
  Additionally, few systematic studies of alloying on 
the dispersion stability of supported catalysts have been performed.
6
 Further, the effect of 
Pd alloying on NO oxidation activity of alumina supported Pt has not been determined 
over a wide range of dispersions    
4.2 Previous Work: Effect of alloy composition on dispersion stability and catalytic 
activity for NO oxidation over alumina-supported Pt–Pd catalysts 
In an effort to address some of these issues, several compositions of Pt-Pd 
bimetallic nano-particulate alumina supported catalysts were investigated.
7
  Four of the 
five samples spanned the Pt-rich half of the composition range, while the final sample 
consisted of pure Pd. All five compositions of Pt-Pd catalysts on Al2O3 were prepared 
from Pt- and Pd-(acetylacetonate)2 precursors (Figure  4.1) according to the method 
documented by Wang.
8
  The composition of the precious metal component of each Pd-Pt 
catalyst is summarized in Table 4.1. After drying at 70°C under vacuum, catalysts were 
calcined at 300°C in 5% O2 in N2 and reduced in 1% H2 in N2 at 300°C.    
Catalyst samples were investigated in the following three conditions:  
 1.) the as calcined or ‘fresh’ condition (no additional thermal aging) 
 2.) after aging at 500°C, 
 3.) after aging at 900°C.  
 Aging took place in a quartz-tube furnace under a flowing (5 l/min) gas mixture of 5% 
O2 and 10% H2O in N2 for 3 hours. Subsequently, the samples were also reduced for 1 h 
at 500°C under a flow of 1% H2 in N2.    
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Catalyst particles were prepared for TEM observation by dispersing a small 
amount of powder onto a 300 mesh carbon-coated copper TEM grid obtained from 
Structure Probe, Inc.  To avoid excessive contamination during TEM or STEM imaging, 
no hydrocarbon solvent was used as a dispersing agent.  Electron microscopy analysis 
was performed on a JEOL 3011 high resolution microscope located at The University of 
Michigan Electron Microbeam Analysis Laboratory (EMAL) and discussed in greater 
detail in section 3.3. 
 Typical HRTEM mages of particles from the Pt-100-Pd-0 (pure Platinum) 
samples (a) before aging, (b) aged at 500°C, and (c) aged at 900°C are presented in 
Figure 4.2.  The particle size distributions for catalysts grown at 500ºC and 900ºC are 
shown in Figures 4.3  and 4.4  respectively. As shown by these particle size distributions 
in Figures 4.3 and 4.4, large particles (greater than 100nm) formed at 900°C in the pure 
Pt sample are absent in samples containing Pd.   An image of one of these large Pt 
particles is shown in Figure 4.5.  Statistics derived from the measurements (at least 100 
particles per sample) that produced these distributions are summarized in Table 4.2.  No 
particles exceeding 5nm in size were observed in samples of any composition in the fresh 
samples.   
 In this earlier study, alloying Pt with Pd in alumina-supported catalysts for NO 
oxidation was found to produce the expected effect of suppression of particle coarsening 
upon aging under lean conditions.   Variations with Pd content clearly became more 
significant as aging temperature increased.  These TEM measurements generally agreed 
with XRD conclusions (Table 4.3) that Pd alloying suppressed Pt particle growth with 
 113 
aging.   Furthermore, the turn-over frequency for NO oxidation was found to be relatively 
insensitive to a Pd content approaching 50 mol % (as shown in Figure 4.7).  
4.3 Objective 
Although the previous study
7
, summarized above, demonstrated that substitution 
of Pd for up to 50 mol% of the Pt reduced particle growth during lean aging with little or 
no impact on the NO oxidation turn-over frequency, it left two primary areas for further 
investigation.  First, we were not able to clearly characterize these Pt and Pd catalysts 
from AcAc precursors in the as calcined or “fresh” state using HRTEM.  Also, we were 
not able to directly confirm the composition of individual metal particles of either fresh 
or slightly aged bimetallic catalysts.    A second area of further investigation is 
contrasting these earlier results to those obtained from a new set of Pt and Pt-Pd 
bimetallic catalysts prepared from nitrate precursors ( Figure 4.8) and produced via 
incipient wetness, a widely used, commercially advantageous method for large scale 
production of heterogeneous catalysts.
9
 
Therefore, this study focuses on an extension of the previous study of alumina-
supported Pt and Pt-Pd bimetallic catalysts, making use of advanced electron microscopy 
techniques that allow investigation of both particle size and composition in the fresh state 
as well as the changes induced by lean aging. This study will particularly highlight results 
obtained using emerging transmission electron microscopy (TEM) techniques such as 
aberration corrected electron microscopy (ACEM), along with more established 
techniques such as high angle annular dark field (HAADF) imaging, energy dispersive 
spectroscopy (EDS) and conventional TEM imaging.  
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4.4 Experimental Details  
4.4.1 Catalysts Preparation and Aging 
Two catalyst compositions, both having a nominal precious metal loading 
equivalent (in molar terms) of approximately 1 wt% Pt, were used for this study.  The 
first contained only Pt (labeled Pt100-Pd0), and the second was a 50 mol% combination 
of Pt and Pd (labeled Pt50-Pd50).  Catalysts of both compositions were synthesized using 
two different methods.  The first set, (labeled Ac-Ac) was a subset of the catalyst in the 
previous study [13] (described in detail in section 4.2) prepared from adsorption from 
mixtures of solutions of platinum(II) and palladium(II) bis-acetylacetonates in toluene at  
at 70 °C onto a high–surface-area alumina (W. R. Grace, MI-307).  After drying at 70 °C 
under vacuum, these catalysts were calcined at 300 °C in 5% O2 in N2 and reduced in 1% 
H2 in N2 at 300 °C. 
The second set of catalysts (labeled Nitrate) was prepared by impregnating the 
same high-surface-area alumina with mixtures of aqueous Pt- and Pd-nitrate solutions to 
incipient wetness.  After impregnation, the support/solution mixtures were homogenized, 
dried, and calcined at 300 °C in air for 1h.  The actual metal loadings for both sets of 
catalysts used in this study are summarized in Table 4.4 .  
Aliquots of each fresh catalyst were aged in a quartz-tube furnace under a flowing 
(5 l/min) gas mixture of 5% O2 and 10% H2O in N2 at both 500°C and 900°C for 3 h 
(heating and cooling occurred under pure N2).   Additionally, the two nitrate specimens 
were aged at approximately 690ºC (see Appendix 1).  The scope of this study is shown 
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schematically in Figure 4.6. Before examination, all samples were reduced for 1 h at 
500°C under flowing 1% H2 in N2   
4.4.2 Microcopy Characterization 
Particle size, morphology, and composition were characterized using TEM.  
Samples were prepared for TEM examination by ultrasonicating a small amount of 
powder in ethanol and dispersing it on a 300 mesh carbon-coated copper grid.  Because 
of the reported difficulty in direct imaging of small (diameter < 2 nm) metal particles 
using conventional electron microscopy
7, 10
, an aberration-corrected STEM/TEM 
instrument was used to obtain structural information for catalysts in the fresh state.  This 
instrument, a JEOL 2200FS, fitted with a hexapole aberration corrector (CEOS GmbH) 
for the probe-forming optics, is capable of sub-100 pm spatial resolution in STEM mode.  
Further details of the instrument, which is located in the Advanced Microscopy 
Laboratory (AML) at Oak Ridge National Laboratory, and is available through the High 




HAADF imaging was also performed on a Hitachi HF3300, operated at 300 kV 
with STEM resolution 0.2 nm.  The HF-3300, which is also located at the HTML, was 
equipped with an integrated Thermo-Noran EDX analyzer for compositional analysis.  
The Cliff-Lormier integration method (without absorbance –Equation 4.1) was used to 
quantify the compositional results.
13
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Where:  CPt   =  weight percent Pt 
 CPd  =  weight percent Pd  
 IPt   =   intensity of Pt peak 
 IPd  =   intensity of Pd peak  
 ka+b  = Cliff-Lorimer sensitivity factor 
(dependant on particular TEM/EDS 





Quantitative particle size analysis for aged catalysts was performed on the JEOL 
3011 located in EMAL at The University of Michigan.  Histograms were created for each 
catalyst sample from TEM observation of approximately 100 particles.  A surface 
weighted mean diameter, ds (Equation 4.2), was subsequently obtained from these 
distributions.  
Where:  d  =  measured particle diameter 
 ds  =  surface weighted mean diameter  
 
Previously reported electron microscopy results and Monte-Carlo simulations 
indicate that such particles typically have a cubo-octohedral shape.
15-19
  Assuming a 
spherical or cubo-octohedral particle shape, dispersion, D, can be calculated from the 



















d s  Equation 4.2 
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Where: d  = measured diameter 
 M  = atomic mass 
 NA  = Avogadro’s number 
  ρ = mass density of the particle 
  a = surface area occupied by an atom on the 
particle surface 
 
Following the procedure of Morfin and others, equal proportions of the (111), 
(100), and (110) planes on the particle surface were assumed
16
, and thus the surface area 
occupied by an atom on the particle surface is 0.0807 nm
2
 for Pt 
15





  For bimetallic catalysts, this parameter was derived from the atomic proportions of 
the constituent metal atoms.  
4.4.3 X-Ray Characterization 
X-ray diffraction (XRD) data from the nitrate catalysts were collected in a Scintag 
X2 diffractometer equipped with a Si(Li) solid state detector using Cu Kα radiation and 
configured in Bragg-Bretano focusing geometry.  Diffraction data were obtained over the 
range 10 – 90° (2θ) in steps of 0.03°.  XRD samples were prepared by packing powder 
into a shallow cavity etched into a glass plate.  Peaks in the background-subtracted scan 
were profile-fit using a Pearson 7 function
21
 to characterize the breadth and position of 





6=  Equation 4.3 
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breadths using a Scherrer analysis of the (311) peak of the face-centered cubic (fcc) 
lattice (located near 81.2° for Pt), assuming spherical particles.  
Because both platinum and palladium crystallize in a fcc lattice and are 
isostructural, the effect of alloying on the XRD peaks will be manifested only by changes 
in the observed lattice parameter and the relative peak intensities.  For the aged catalyst 
samples, the lattice parameter for the fcc phase was estimated from the positions of the 
(111), (200) and (311) peaks.  In the case of the Pt50-Pd50 catalyst, poor peak intensities 
only allowed fitting of the (311) peak. 
4.4.4  NO Oxidation Activity Measurements 
NO oxidation measurements were performed on the Nitrate catalysts using a 10-
channel flow reactor manufactured by Altamira Instruments that has been described 
previously.
22
  Experimental conditions were matched to those previously described for 
the Ac-Ac catalysts.
7, 22
  Briefly, reactor tubes were loaded with 50 mg of catalyst 
sample, fixed between quartz wool plugs, and steady state measurements were performed 
at a series of temperatures from 75 to 325°C, following a 90 min equilibration at each 
temperature.  The feed gas composition was a mixture of 500ppm NO and 8% O2 in N2 at 





4.5.1 Microscopy Results –AcAc Catalysts 
4.5.1.1 ACEM Imaging of Fresh AcAc Catalysts 
Aberration-corrected electron microscopy (ACEM) was used to determine the 
particle size and morphology of fresh Ac-Ac catalysts.  Typical HAADF images of the 
Pt50-Pd50 sample are shown in Figure 4.9 In HAADF imaging, image contrast results 
primarily from differences in the atomic mass, and thus in these images, the brightest 
particles are the precious metals, the less bright regions are the γ-Al2O3 support, and the 
darkest areas are carbon coated copper grids or vacuum. 
Typical HAADF and bright field (BF) STEM images for the Pt100-Pd0 and the 
Pt50-Pd50 samples are shown in Figure 4.10.  In the Pt100-Pd0 HAADF image 
(Figure 4.10a), one large (d~4nm) particle and several smaller Pt clusters are visible.  In 
the corresponding BF image (Figure 4.10b), only the large Pt particle is clearly evident.  
For the Pt50-Pd50 sample, small clusters of metal are visible in HAADF (Figure 4.10c) 
images but not in BF imaging (Figure 4.10d).  
 A notable feature of the Pt50-Pd50 samples is the appearance of regions where 
the precious metal is very highly dispersed, either as single atoms or clusters of atoms.  
The visibility of these sub-nanometer features, shown in (Figures 4.10a and 4.10c), 
demonstrates the importance of aberration corrected HAADF imaging, as these features 
cannot be resolved in conventional HRTEM.  Previous studies of supported precious-
metal catalysts using the JEOL 2200FS ACEM have identified single atoms 
23
, as well as 
atomic “rafts” - 2d clusters that do not display coherent crystallinity.
11, 24
  That these 
 120 
smaller clusters do not appear in BF imaging provides further evidence of their lack of 
crystalline nature.  Intensity profile plots across bright features in these clusters signify 
the presence of single atoms.  In the HAADF STEM image shown in Figure 4.11,  the 
dimensions of the features, as defined by the FWHM’s of the intensity profiles measured 
across them, are comparable to reference values of single atomic diameters.
25
  This 
supports the conclusion that these features are single precious metal atoms on the Al2O3 
support.  It should be noted that atomically dispersed Pt atoms are not as prevalent in the 
Pt100-Pd0 sample, although 2d “rafts” were visible in HAADF STEM imaging 
(Figure 4.10a). 
HAADF STEM imaging may also provide an indication of the chemical 
composition of these atomically dispersed species.  For the feature indicated as “A” in 
Figure 4.11, the difference in intensity between the feature and the alumina support is 
approximately 50x10
4
, while for the brighter feature (indicated as “B”), this difference is 
approximately 30x10
4
.  These numbers generally follow the expected trend, i.e., that 




, assuming that this difference in 
contrast (relative to the Al2O3 support) is an indication that both Pt and Pd atoms are 
atomically dispersed in this catalyst. 
ACEM imaging was used to produce particle size distributions, as shown in 
Figure 4.12.  The shapes of the distributions are quite similar, but the Pt100-Pd0 extends 
to slightly larger particle sizes.  The mean metal particle size for the Pt100-Pd0 and the 
Pt50-Pd50 catalysts are 1.27 nm and 1.03 nm, respectively.  Although this difference is 
small, statistical analysis indicates that the observed difference in the means of the two 
samples is unlikely to arise from random variation (P value = 0.00856). 
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ACEM imaging was also used to measure the fresh pure Pd (Pt0-Pd100) catalysts. 
Because of the lower atomic mass of Pd relative to Pt (46 vs 78), HAADF imaging 
provided less contrast between the Pd and alumina.   Both HAADF and BF images of the 
Pt0-Pd100 catalyst is shown in Figure 4.13. 
4.5.1.2 Imaging of Aged Ac-Ac Catalysts 
 Particle size distributions for the aged Ac-Ac catalysts were collected using a 
JEOL 3011 HRTEM.  The histograms for the aged catalysts were originally presented in 
the previous study
7
 and in Figure  4.3. The results for the Pt100-Pd0 and the Pt50-Pd50 
after aging at 500ºC and 900ºC are summarized in Figure 4.14 (note the break in the 
vertical axis, particle size).  For both compositions, particle growth clearly occurs with 
aging, but as suggested previously,  on the basis of XRD results, alloying with Pd inhibits 
the growth of anomalously large particles (ALPs), which are most apparent in the 900°C 
aged Pt100-Pd0 sample.   In the 900ºC aged Pt100-Pd0 sample the largest observed 
particle was 501 nm, however in the Pt50-Pd50 sample, the largest observed particle was 
only 63.8 nm.  
4.5.1.3 Compositional Analysis of Ac-Ac Catalysts 
STEM imaging with EDS analysis was performed on individual particles from 
Pt50-Pd50 samples in the fresh condition and after both aging treatments.  For the fresh 
catalysts, instability under electron beam exposure prevented us from obtaining 
quantitative EDS.  This beam instability is illustrated in Figure 4.15 (a-b). However, 
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quantitative EDS over a large area (shown in Figure 4.15c) gave a composition close to 
the nominal value (41 ± 19 at% Pd and 59 ±17 at% Pt). 
The compositions of individual particles for the two aging conditions are 
compared in Figure 4.16.  Catalyst particles tend to be Pt-rich after 500ºC aging (unfilled 
triangles in Figure 4.16c), but after aging at 900ºC (unfilled squares in Figure 4.16c), the 
composition of the catalyst particles converge to the nominal composition.  It can be seen 
from this plot that both particle growth and alloying occur simultaneously during aging. 
To assess the compositional homogeneity of particles after aging at 900°C, EDS 
line scans were obtained for many particles. A 50 point EDS line scan (Figure 4.17) 
across a typical particle shows relatively equal Pt L and Pd L signals, demonstrating a 





 reports have suggested that a core-shell segregation of Pt and Pd can occur 
under certain conditions, but we see no convincing evidence of such structure in these 
catalysts. 
4.5.2 Microscopy Results - Nitrate Catalysts 
4.5.2.1 ACEM Imaging of Fresh Nitrate Catalysts 
Typical ACEM BF and HAADF STEM images of fresh Pt100-Pd0 and Pt50-
Pd50 catalysts made from nitrate precursors are shown in Figure 4.18.  Several small Pt 
clusters are visible in the HAADF image of the Pt100-Pd0 catalyst (Figure 4.18a) which 
are not apparent in the corresponding BF image (Figure  4.18b).   For the Pt50-Pd50 
sample, one large (d ≈ 8.5 nm) metallic particle with clear lattice fringes is visible in both 
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HAADF (Figure 4.18c) and BF (Figure 4.18d) imaging.  This particle is surrounded by 
smaller clusters that are visible in HAADF (Figure 4.18c) but not in BF imaging.  The 
fast Fourier transform (FFT) of the BF image from the large particle (inset of the Figure 
 4.18d), indicates a plane spacing of 0.225nm, in agreement with the expected spacing of 
the Pd [111] planes.
31
  The atomically dispersed metal particles seen in the Pt50-Pd50 
Ac-Ac sample, described in section 4.5.1.1 are conspicuously absent in samples made 
from nitrate precursors. 
As was the case for samples of Ac-Ac catalysts, aberration corrected microscopy 
was used to obtain the distribution of particle sizes.  Histograms comparing the particle 
size distributions for both compositions are shown in Figure 4.19.  The distributions 
obtained from Ac-Ac catalysts (Figure 4.3) are overlaid for comparison.  The most 
significant difference among all the samples is that the Pt50-Pd50 Nitrate catalyst has a 
notably larger mean particle size, due to the presence of a significant number of much 
larger particles.  
4.5.2.2 Imaging of Aged Nitrate Catalysts 
Histograms of particle size measurements from TEM observation for Pt100-Pd0 
and Pt50-Pd50 are given in Figure 4.20a and 4.20b respectively.  These results, along 
with results from aged Ac-Ac catalysts (Figure 4.14) for comparison, are further 
summarized in Figure 4.21.  Regardless of the aging temperature, the Pt100-Pd0 Ac-Ac 
catalysts have a larger mean particle size than the corresponding Nitrate catalysts 
(Table 4.5), possibly arising from small differences in particle size distributions of the 
fresh catalysts (Figure 4.19a and Table 4.5).  In the case of the Pt50-Pd50 composition, 
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the presence of a significant number of very large particles in the fresh Nitrate catalyst is 
likely responsible for the larger (relative to the Ac-Ac catalyst) mean particle sizes after 
aging, especially at 500°C.  After aging at 900°C, the Pt50-Pd50 catalysts had a smaller 
mean particle size than the Pt100-Pd0 catalysts for both precursors, primarily due to the 
absence of anomalously large particles (ALPs) of  Pt (particles with d>100 nm, as 
indicated in Figure 4.21).   
For Pt100-Pd0 catalysts from both precursors, 900°C aging resulted in large, 
highly-faceted particles, some of which were clearly not spherical.  Regardless of 
precursor used, the addition of Pd appeared to suppress the growth of these particles, as 
illustrated by the images obtained from the 900°C aged Nitrate catalysts shown in Figure 
4.22. 
 Surface-weighted mean-diameters and dispersions were calculated according to 
Equations 4.2  and   above and are presented in Table 4.5 with other statistics obtained 
from the TEM measurements.  As expected, the dispersion (Figure 4.23) generally 
follows an inverse relationship to mean particle size.  For all samples, dispersion 
decreased with aging due to particle growth, though bimetallic catalyst particles grew less 
than pure Pt catalyst particles resulting in a somewhat less severe decrease in dispersion.  
The unexpected relative dispersions of the Pt100-Pd0 and Pt50-Pd50 Nitrate catalysts 
after 500°C aging are likely a consequence of the unusually wide particle size distribution 
measured for the fresh Pt50-Pd50 catalyst (Figure  4.19b), the nature of which is 
described in Section 4.5.2.3 below. 
 In the third set of aged catalysts (those aged at approximately 690ºC), a unique 
core-shell structure (shown in Figure 4.24) was observed.  Although this structure cannot 
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be considered typical, it was observed in both conventional HAADF and aberration 
corrected HAADF imaging.   Although high resolution EDS was not available at the time 
of these observations, differences in contrast indicate that a Pt rich shell surrounding a Pd 
rich core. 
4.5.2.3 Compositional Analysis of Nitrate Catalysts 
STEM imaging with EDS analysis was also performed on individual particles in 
catalysts made from the nitrate precursor.  For the fresh Pt50-Pd50 sample, the average 
particle composition was 42% Pd.  However, the Pd was distributed bi-modally (Figure 
4.25), with small (d<3 nm) particles biased to Pt-rich and larger particles (in the 4-11 nm 
size range) biased to Pd-rich. 
The compositions of individual particles in Pt50-Pd50 Nitrate catalysts after aging 
are compared in Figure 4.26.  While aging at 500ºC (Figure 4.26, filled triangles) induced 
particle growth, the distribution retained most of the bimodal nature evident in the fresh 
state.  After aging at 900°C (filled squares), the compositions of the particles were much 
more tightly distributed around the nominal alloy composition.  The effect of the 
difference in initial state between the Pt50-Pd50 Nitrate and Ac-Ac catalysts on 
subsequent changes in particle size and composition induced by aging (Figure 4.27) is 
clearest in the 500°C sample.  Thus, while particle growth and alloying again appear to 
occur simultaneously in the Pt50-Pd50 Nitrate catalyst, the apparent influence of Pd on 
particle growth at 500°C is lower than in the corresponding Ac-Ac catalyst. 
To assess the compositional homogeneity of individual catalysts particles from 
nitrate precursors, a 20 point EDS line scan was performed across a 900ºC aged Pt50-
 126 
Pd50 (nitrate) sample.  In this scan, the dwell time per point was 10 seconds, and is 
presented in Figure 4.28.  Like similar analysis for AcAc catalysts (Figure 4.17), this 
particle shows Pd composition of approximately the nominal composition across the 
particle.   
4.5.3 XRD Results 
XRD data for the Nitrate catalysts was collected to further investigate crystallite 
size and lattice parameter.  Examples of the XRD data are shown in Figure 4.29, 
comparing the untreated alumina substrate, the Pt100 nitrate catalyst after aging at 500°C 
and the Pt100 nitrate catalyst after aging at 900°C. A comparison of the crystallite sizes 
for each aged Nitrate catalyst is shown in Figure 4.30a.  Clearly, the Pt100-Pd0 catalyst 
experiences much more metal particle growth at 900°C than the Pt50-Pd50 catalyst.  
Additionally, the Pt100-Pd0 crystallites appear to be significantly larger than the Pt50-
Pd50 crystallites after aging at only 500°C, a result that is not consistent with the TEM 
finding (Table 2).   
A comparison of the lattice parameters obtained by fitting the peak positions was 
also performed, and is shown in Figure 4.30b. As expected, the aged Pt100-Pd0 catalysts 
have lattice parameters that closely correspond to the value expected for bulk Pt (αPt=3.92  
Å
31
) while the aged Pt50-Pd50 catalysts both yield lattice parameters very close to the 
average value for a 50:50 alloy of Pt and Pd.  In the case of the catalyst aged at 900°C, 
this is in agreement with previous findings that Pt-Pd alloys deviate only slightly from 
Vegard’s Law.
32
  In the case of the catalyst aged at 500°C, however, it could reflect an 
averaging over particles of varying composition, ranging from Pt-rich to Pd-rich, as 
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revealed in the EDS compositional analysis (Figure 4.26c).  The inconsistency in 
crystallite size noted above could thus be a consequence of inhomogeneous broadening. 
4.5.4 CO Chemisorption and NO Oxidation Activity Measurements 
NO oxidation activity data, measured under lean conditions, were collected for 
both Nitrate (this study) and Ac-Ac (previous study
7
 )catalysts in our multichannel flow 
reactor.  The NO oxidation activity profiles (conversion as a function of temperature) for 
the Pt100-Pd0 and Pt50-Pd50 catalysts are shown in Figure 4.31.  The general shape of 
these oxidation activity plots is dictated by the kinetic inhibition of the NO oxidation 
reaction at low temperatures and the thermodynamic equilibrium between NO and NO2 at 
high temperatures.  A more active NO oxidation catalyst will have a “light – off” up-
slope of the activity curve shifted to lower temperatures 
22
.  For both precursors and metal 
compositions, we see that 500ºC aged catalysts are more active than those aged at 900ºC, 
which themselves are more active than the fresh catalysts. 
 
NO Activity:    500ºC Aged > 900ºC  Aged >  Fresh 
 
This ordering of activities is consistent with the known structure sensitivity of the 
NO oxidation reaction, where very small Pt particles have intrinsically low activities, and 
harshly aged catalysts suffer from low overall Pt surface area.  For the purpose of 
comparing the activity of the catalysts, the conversion just above light-off (150 ºC) is 




Application of advanced electron microscopy techniques, especially ACEM for 
imaging very small features and HAADF imaging coupled with EDS for compositional 
analysis of small particles, has provided new and useful information about the Pt and Pt-
Pd catalysts prepared for our previous study of the effects of alloying on dispersion 
stability and performance of NO oxidation catalysts.
7
  Our updated observations reveal 
subtle, but significant differences in the initial metal distributions that can reasonably be 
related to catalyst synthesis.  Previous work has suggested a tendency for platinum(II) 
and palladium(II) bis-acetylacetonates dissolved in acetone to become associated into 
bimetallic complexes in solution 
16, 33
, leading to a high degree of Pt-Pd association in a 
freshly-prepared bimetallic catalyst.  In our earlier study, we found a substantial 
difference in the efficiency of adsorption of the single-metal acetylacetonate precursors 
from solution onto the alumina support, Pt adsorption being much more limited than Pd.  
Assuming that the higher efficiency of Pd adsorption could be imparted, to some degree, 
to the bimetallic complex in solution, it is not surprising to find a somewhat higher 
dispersion in the case of the Pt50-Pd50 than the Pt100-Pd0 catalyst.   
The presence of larger particles in the fresh Pt100-Pd0 Ac-Ac catalyst shown in 
Figure 4.12 is consistent with this expectation, but an even more significant piece of 
supporting evidence is the qualitative observation that more atomically-dispersed features 
(e.g., Figures 4.10c and 4.11) appear in the Pt50-Pd50 than the Pt100-Pd0 catalyst.  
ACEM observations made on fresh Pt0-Pd100 (i.e., pure Pd) Ac-Ac catalysts (Figure 
4.13) also revealed the presence of more atomically-dispersed metal features than in the 
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corresponding Pt100-Pd0 catalyst, though poor contrast was a significant limitation in 
this case. 
In this study, we were not able to confirm spectroscopically (via EDS) the 
presence of both Pt and Pd in individual metal particles in the fresh Pt50-Pd50 (Ac-Ac) 
catalyst. However, area-averaged results (Figure 4.15), suggest that much of the Pd in the 
fresh catalyst is more highly dispersed than Pt, and thus not in direct association with Pt.  
Indeed, the compositional measurement of metal particles after aging at 500ºC reveals 
that they are Pt-rich (Figure 4.16).  The missing Pd is likely still in a highly dispersed and 
relatively immobile oxidized form.
7
  Eventually, though, all of the Pd becomes 
incorporated into the initially Pt-rich particles after aging at 900ºC.  As was demonstrated 
in the previous study, the degree to which addition of Pd inhibits particle growth 
increases with Pd concentration, but since the actual amount of Pd in the particles at 
intermediate stages of aging appears to be varying with exposure to lean conditions. 
Experiments aimed at probing the correlation between particle composition and size as a 
function of time at fixed aging temperatures are needed in order to sort out the precise 
dependence.   
The mechanism (or mechanisms) by which particle growth inhibition occurs is 
(are) still unknown. Previous experimental
6, 28
 and theoretical 
29-30
 reports have suggested 
that a core-shell segregation of Pt and Pd can occur under certain conditions.  Our current 
EDS results, such as that shown in Figures 4.17 and 4.28, are not consistent with the 
suggestion that a thick surface layer of PdO (or Pd) simply protects Pt from direct 
exposure to O2. 
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The newly-prepared set of Pt and Pt-Pd bimetallic catalysts, made with nitrate 
precursors, provide a number of interesting points of contrast with the Ac-Ac catalysts.  
Starting with the fresh catalysts, a large reversal in the relative dispersions of the two 
catalyst compositions was observed (Figure 4.23 and Table 4.5 ), due to the formation of 
fairly large (3-10 nm) Pd-rich particles (the compositions of which could readily be 
measured by EDS) in the Pt50-Pd50 catalyst.  This circumstance, which may not be of 
fundamental significance, suggests that the change in both particle size and composition 
can be determined upon aging at 500ºC, as shown in Figure 4.26.  As might be expected, 
both the Pd-rich and Pt-rich particles grow, and the composition range shrinks.  A 
substantial number of large, Pd-rich particles, not found in the corresponding Ac-Ac 
catalyst, are present after aging at 500ºC, as shown in Figure 4.27.  Nevertheless, after 
aging at 900ºC a fairly narrow range of particle compositions was observed, centered at 
the nominal value, just as in the case of the Pt50-Pd50 Ac-Ac catalyst.   
Evolution of the Pt100-Pd0 nitrate catalyst was quite similar to that of the 
corresponding Ac-Ac catalyst, as expected in view of the similarity of their initial states. 
In neither case was there evidence for large particles in the fresh catalyst that could have 
seeded the growth of the ALPs.  This suggests that the presence of ALPs in the aged 
catalysts is more a consequence of the growth mode than the initial particle size 
distribution.  The presence of these particles is consistent with earlier studies that 
identified bi-pyramids, multiply-twinned particles, rods, and plate-like particles in 
alumina supported Pt catalysts after both laboratory and vehicle aging conditions
34-35
. 
Much effort has been devoted to using particle size distributions to identify 
particle growth mechanisms in the past
36
.  In this study, particle size distributions after 
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aging at 900ºC closely fit the log normal distribution function, which suggests that the 
dominant sintering mechanism is particle migration and coalescence
36-37
.  However, the 
presence of the highly faceted ALPs is not consistent with a migration and coalescence 
growth model.  In an early report on the sintering of alumina-supported Pt, Harris et al.
35
 
found migration and coalescence was the dominant growth mode for short sintering 
times, while growth of ALPs at longer sintering times was mediated by inter-particle 
transport.  Relative to the current study, the role of Pd in inhibiting Pt particle growth, 
primarily through the suppression of ALP formation, may thus be linked to its effect on 
inter-particle transport of Pt. 
The NO oxidation performance of both sets of catalysts (Figure 4.31) are 
generally comparable and in reasonable agreement with expectation.  It is worth noting 
that the fresh Pt100-Pd0 Nitrate catalyst, which has significantly higher activity than the 
corresponding Ac-Ac catalyst was calcined under a higher O2 concentration, 20%, versus 
5% in the case of the Ac-Ac catalyst.  This may have stimulated the formation of 
somewhat larger Pt particles than appear to be present
3
, according to the TEM 
measurements.  In general, however, the dispersions calculated from TEM are within a 
factor of 2 of those measured by CO chemisorption in the case of the Ac-Ac catalysts
7
, as 
shown in Table  4.5. 
It is perhaps more significant that the activity of the Pt50-Pd50 Nitrate catalyst 
increased so dramatically between its fresh and 500ºC aged states, in spite of the fact that 
its dispersion was relatively low in the fresh state (14.3%) and did not change much (to 
12.7%) upon aging, as shown in Figure 4.32.  A likely explanation for the low initial 
activity is that the low dispersion in the fresh state is primarily due to the contribution of 
 132 
large Pd-rich particles, for which the intrinsic NO oxidation activity is expected to be 
much lower than Pt-rich particles of comparable size
7, 38
.  The dramatic increase in 
activity with aging would then simply be due to the increase in size of the Pt-rich 
particles.  Considering the Pd concentration as a function of particle size (Figure 4.16), it 
is evident that there is a critical point (~ 2.5 nm) at which the particles transition from 
small and Pt-rich to large and Pd-rich.  If one does not consider the Pd-rich particles, 
which are expected to have low intrinsic activity, the initial dispersion increases to 
63.7%, and the trends in Figure 4.32 are more consistent. 
There remains a question regarding the mechanism in which Pd alloying inhibits 
Pt particle growth without greatly effecting NO oxidation activity, especially given much 
lower rates of NO oxidation reported on supported Pd/Al2O3 catalysts vs Pt/ Al2O3 
catalysts over the optimal range of particle sizes observed in our study
38
.  However, 
recently reported
39
 first principles results of NO oxidation on metastable Pd surface oxide 
films (observed experimentally by Lundgren et al.
40
) have shown NO oxidation rates 
comparable to those reported for Pt, thus suggesting that surface PdO could have a 
similar characteristic in supported Pt-Pd particles typical of our study.  As mentioned 
earlier, no strong evidence of a thick Pd or PdO shell protecting a Pt rich core was 
observed in this study. However, our characterization techniques would not have 
identified a monolayer type PdO surface film on the larger alloyed particles produced 
after 500ºC and 900ºC aging.  Thus our present results do not contradict the possibility of 
an ultrathin metastable surface PdO film characterized by high NO oxidation activity.   
The case of the 690ºC aged catalyst provides an interesting contrast to determine 
the particle growth mechanism.  The Pd rich core surrounded by a Pt rich shell 
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(Figure 4.24) is consistent with the present observations on NO oxidation activity.   As 
the shape of the measured particle size distributions largely fit the shape predicted by the 
particle migration and coalescence growth mechanism.  We can propose that there are 
mechanisms in which more mobile Pt rich particles impinge on less mobile PdO particles 
upon heating.  Before these particles fully coalesce, it is reasonable to posit that these 
particles result in a core shell structure (like the ones shown in Figure 4.24).  In this 
mechanism (shown schematically in Figure 4.33), the lower mobility of the PdO on 
alumina subsequently slows further particle growth.  This mechanism does not address 
the inhibition of growth of ALPs, but preliminary in-situ heating experiments (see section 
6.2.2) indicate that the aging under 900ºC might have a different mechanism than aging 
at lower temperatures. Unfortunately, the details of this aging condition are not fully 
known and the aging temperature could only be estimated from fitting the XRD data to a 
previously presented exposure model (See Appendix A).  Nevertheless, this model 
provides a reasonable explanation for the retardation of particle growth along with 
maintaining a high NO oxidation activity due to a Pt rich shell.   
4.7 Conclusion 
Application of advanced electron microscopy techniques to the characterization of 
alumina-supported Pt and Pt-Pd bimetallic catalysts has allowed us to refine our 
knowledge of the degree of alloying that exists at various stages of aging under lean 
conditions and thus better understand its relationship to particle coarsening.  Although 
some direct association between Pt and Pd may be attained at the initial stage of 
bimetallic catalyst synthesis, there is clearly a strong tendency for alloying to proceed in 
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situ during the course of lean aging, and this certainly has a positive influence on limiting 
the growth of anomalously large particles typically found in pure Pt catalysts that have 
been harshly aged under lean conditions. 
We have also again demonstrated that replacement of moderate amounts of Pt 
with Pd can be done with little or no loss of activity for NO oxidation.  Further, standard 
catalyst precursors and synthesis methods have been shown to suffice.  The use of Pd to 
both increase catalyst durability and decrease Pt loading in Pt-based catalysts for lean-
burn engine exhaust-gas treatment thus appears even more favorable than before.   
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4.8  Tables and Figures  
 
 
(a)                                                  (b) 
Figure 4.1:  Molecular model of (a)  Pd-(acetylacetonate)2 and (b) Pt-(acetylacetonate)2 
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Table 4.1: Catalysts composition for the catalysts from AcAc precursors. 
 
Sample Composition % γ –Al2O3 Atomic Ratio 
Pt-100-Pd-0 0.87wt%Pt 99.13 Pt100Pd0 
Pt-90-Pd-10 0.75wt%Pt+0.063wt%Pd 99.19 Pt87Pd13 
Pt-80-Pd-20 0.70wt%Pt+0.11wt%Pd 99.19 Pt78Pd22 
Pt-50-Pd-50 0.58wt%Pt+0.28wt%Pd 99.14 Pt53Pd47 






Figure 4.2:  HRTEM images of particles from pure Pt90-Pd10 samples (a) before aging, 


















Q1 Min Med. Max Q3 
Pt-100-Pd-0 109 9.04 3.01 6.95 2.80 8.96 19.40 10.90 
Pt-90-Pd-10 104 7.69 1.98 6.25 3.44 7.70 12.40   8.86 
Pt-80-Pd-20 112 4.71 1.43 3.76 1.31 4.79   8.75   5.60 
Pt-50-Pd-50 101 4.90 1.26 3.98 2.61 4.74   8.57   5.52 
         
900°C Aging 
Catalyst 





Q1 Min Med. Max Q3 
Pt-100-Pd-0 102 56.25 36.38 34.83 15.70 45.25 245.00 65.18 
Pt-90-Pd-10 103 45.35 16.18 35.55   6.15 45.50 130.00 53.70 
Pt-80-Pd-20 111 29.30 12.22 18.80   7.61 26.10   59.40 40.00 






Figure 4.3:  Particle size distributions of catalysts aged at 500°C, measured by TEM:  (a) 

















































































Figure 4.4: Particle size distributions of catalysts aged at 900°C, measured by TEM:  (a) 


































































































































































Figure 4.6: Schematic of the experimental matrix for this study 
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Pt-100-Pd-0 900 81.18 108 43 56.25 ± 36.58 
Pt-100-Pd-0 500 81.2 79 12 9.04 ± 3.01 
Pt-90-Pd-10 900 81.32 99 28 45.35 ± 16.18 
Pt-90-Pd-10 500 81.22 70 8 7.69 ± 1.98 
Pt-80-Pd-20 900 81.42 100 28 29.3 ± 12.22 
Pt-80-Pd-20 500 81.21 42 6 4.71 ± 1.43 
Pt-50-Pd-50 900 81.66 88 28 22.09 ± 14.54 
Pt-50-Pd-50 500 81.34 51 6 4.9 ± 1.26 
50-50 mixture 900 81.63 79 27 n/a 







Figure 4.7:  Rate of NO conversion (to NO2) at 150ºC over Pt-100-Pd-0 as a function of 
CO/M (solid circles) and turn-over frequency (TOF) at 150ºC as a function of CO/M for 
Pt-100-Pd-0 (open circles), Pt-90-Pd-10 (open up triangles), Pt-80-Pd-20 (open squares), 
and Pt-50-Pd-50 (open down triangles), all derived using the kinetic expression described 
in 
22











Figure 4.8: Model of nitrate precursors 
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Table 4.4:  Catalyst designations and compositions 
 
 
 Catalyst Name Composition 
(wt%) 
Atom Fraction Equivalent 
Pt (wt%) 
 (Pt) (Pd) (Pt) (Pd)  
Pt100-Pd0 Ac-Ac 0.87 0 100 0 0.87 
Pt50-Pd50 Ac-Ac 0.58 0.28 53 47 1.09 
      
Pt100-Pd0 Nitrate 0.87 0 100 0 0.87 










Figure 4.9:  Representative ACEM HAADF image of the fresh Pt50-Pd50 Ac-Ac 
catalyst.  Insert (a) is the highlighted region showing an approximately 2 nm metallic 






Figure 4.10: (a) HAADF and (b) BF STEM images of typical particles in the fresh 
Pt100- Pd0 Ac-Ac catalyst.  (c) HAADF and (d) BF STEM images of typical 






Figure 4.11:   High resolution ACEM HAADF image of a cluster of atomically dispersed 
atoms in the fresh Pt50-Pd50 Ac-Ac catalyst.  The breadths of the intensity line scans 






Figure 4.12:  Particle size distributions of fresh (a)Pt100-Pd0 and (b) Pt50-Pd50 Ac-Ac 





Figure 4.13:  (a) HAADF and (b) BF STEM images of typical particles in the fresh 





































































































Figure 4.15:  (a) Low magnification HAADF-STEM image of the fresh Pt50-Pd50 Ac-Ac 
catalyst, (b) HAADF-STEM image of the same region of the same sample after EDS 
analysis, (c) HAADF-STEM region of many particles, and (d) EDS spectra showing both 
Pt and Pd peaks with intensities corresponding to near nominal composition (41 ± 19 at% 
Pd and 59 ±17 at% Pt). 
Beam damage 












Figure 4.16:  The compositional distributions of Pt50-Pd50 Ac-Ac catalysts aged 500ºC 
(a) and 900ºC (b), together with their particle compositions plotted as a function of 
particle size (c).  The error bars represent the Pd compositional measurement uncertainty 








































Pt L Pd L Pd Compostion
 
Figure 4.17: 50 point EDS line scan across a typical particle in the Pt50-Pd50 Ac-Ac 
catalyst aged at 900ºC showing relatively equal Pt L and Pd L signals across the particle.  
The Cliff-Lormier integration (right axis) shows that Pd composition is close to the 







Figure 4.18: (a) HAADF and (b) BF STEM images from the fresh Pt100-Pd0 Nitrate 








Figure 4.19:  Particle size distributions collected from TEM imaging of fresh (a) Pt100-
Pd0 and (b) Pt50-Pd50 catalysts.  White bars represent Ac-Ac catalysts, grey bars 

























































































































































   (a)    (b) 
 
Figure 4.20: Particle size distributions were collected from TEM imaging for (a) Pt100-










Figure 4.21:  Box-plot summarizing descriptive statistics of the aged Nitrate and Ac-Ac 












Figure 4.22: (a) TEM image of a Pt needle found in a Pt100-Pd0 Nitrate catalyst aged 
900°C. (b) Highly faceted Pt particle from the same catalyst sample shown in (a).  
(Structures like this were noticeable features of the Pt100-Pd0 samples aged at 900ºC from 
both catalyst precursors.)   (c)  TEM image of metallic particles in the Pt50-Pd50 Nitrate 
catalyst aged 900°C. 
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Table 4.5: Summary of TEM-derived particle size statistics. Fresh catalysts were
measured using HAADF STEM imaging in the JEOL 2200FS while aged catalysts were 















Pt100-Pd0 Fresh (Nitrate) 125 1.38 0.50 0.12 2.78 1.74 64.6% 
Pt50-Pd50 Fresh (Nitrate) 127 2.79 2.62 0.08 14.9 7.87 14.3% 
Pt100-Pd0 500ºC (Nitrate) 215 6.15 1.58 2.39 10.1 7.52 14.9% 
Pt50-Pd50 500ºC (Nitrate) 159 7.58 2.32 2.05 15.3 8.86 12.7% 
Pt100-Pd0 900ºC (Nitrate) 227 43.4 48.6 7.84 527 146 0.77% 
Pt50-Pd50 900ºC (Nitrate) 108 28.2 11.5 5.38 71.7 37.0 3.04% 
         
Pt100-Pd0 Fresh (Ac-Ac) 87 1.27 0.89 0.18 5.68 2.95 38.0% 
Pt50-Pd50 Fresh (Ac-Ac) 133 1.03 0.38 0.08 2.03 1.27 88.5% 
Pt100-Pd0 500ºC (Ac-Ac) 109 9.04 3.01 2.80 19.4 10.9 10.3% 
Pt50-Pd50 500ºC (Ac-Ac) 101 4.90 1.26 2.61 8.57 5.55 20.3% 
Pt100-Pd0 900ºC (Ac-Ac) 100 60.5 70.4 5.06 501 277 0.41% 





































   
 
 
Figure 4.24: (a) Aberration corrected HAADF STEM, (b) aberration corrected BF STEM, and 
(d) conventional HAADF STEM images of a core shell nanoparticles that were observed in the 









Figure 4.25: (a) Compositional distribution of fresh Pt50-Pd50 Nitrate catalyst, and (b) 
the particle composition plotted as a function of particle size. The error bars represent the 






Figure 4.26: The compositional distributions of Pt50-Pd50 Nitrate catalysts (a) aged 
500ºC , (b) 900ºC  and (c) together with their particle compositions plotted as a function 






















































Pt L Pd L Pd Compostion
 
Figure 4.28:  20 point EDS line scan across a typical particle in the Pt50-Pd50 Nitrate 
catalyst aged at 900ºC . Although, there are differences in Pt L and Pd L signals across 
the particle, the Cliff Lormier integration (right axis) shows that Pd composition is close 
to the nominal composition throughout the particle. The overall measured composition of 
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Figure 4.29:  XRD scans for the untreated alumina support (bottom), the 500°C aged Pt 























































(a)                                                                           (b) 
 
 
Figure 4.30:  (a) Crystallite size and (b) lattice parameter for the Pt 100 nitrate 
preparation (diamonds) and Pt50-Pd50 nitrate preparation (squares) as a function of aging 
temperature. The dashed lines indicate the expected values of the lattice parameters for Pt 













Figure 4.32 NO conversion at 150 ºC plotted as a function of particle size for catalysts 
from Ac-Ac precursors (a) and Nitrate precursors (b). Pure Pt catalysts are shown with 
solid squares, and bimetallic catalysts with open squares. The grey symbol in, (b) 
represents the dispersion calculated without including large Pd rich particles, which 







Figure 4.33: Schematic of aging mechanism resulting in core shell structure in the Pt50-
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Investigation of Model Catalysts of Pd and Rh on Ceria and Ceria-Zirconia 
Supports 
5.1 Introduction 
In this chapter, we present two studies that illuminate our investigations of two 
model catalysts consisting of Pd and Rh on single crystalline ceria and ceria-zirconia 
supports.  These materials were chosen because together they make up the active 
components of modern automotive three way catalysts (TWCs).   The automotive TWC 
is considered one of the major engineering achievements of the last century.
1
  TWCs 
have been highly effective in mitigating harmful emissions from IC engines since their 
widespread introduction in the late 1970s. 
2
  The automotive TWC resides in the catalytic 
converter (Figure 5.1) and consists of a ceramic monolith, a washcoat containing both 
precious metal nanoparticles and a high surface area ceramic support (Figure 5.1d).  As 
mentioned in section 1.5.3, Pd, Rh, and Pt are the primary precious metal components in 
TWCs.
3-4
   The primary function of the washcoat is to provide a large surface area upon 
which to disperse the precious metal nanoparticles.
5
  To this end, the first washcoats 
consisted primarily of alumina, as the ceramic support was not considered to have much 
of an impact on the catalytic reaction.  However, the discovery of metal support 
interactions led to the idea that the support could be an effective catalysis promoter.
6
  
Today, modern commercial washcoats are still based on alumina, but all of them contain 
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Ceria (CeO2) has been identified as an important additive in washcoat materials 
for automotive TWCs.   Ceria was chosen as a support material in automotive TWCs 
because it is an effective catalyst promoter, has a high oxygen storage capacity, and high 
thermal stability.
8
  Because of these desirable properties, ceria and ceria-based oxides 
have been widely investigated as electronic promoters of activity, selectivity, and thermal 
stability in a variety of catalysts.
7
  Pd on ceria-based supports is an important catalyst 





, and water gas shift reactions
11-12
.  
 Cerium oxide (Figure 5.2) has  a fluorite structure with a bulk lattice parameter of 
0.541nm.
13
  Cerium-zirconium mixed oxides are isostructural with ceria with up to ~40% 
ZrO2.
14-15
 Also, it was found that ceria-zirconia (CZO) shows an improvement in thermal 
stability and oxygen storage capacity.
16
  Despite the advantageous properties of cerium 
oxides, the operating environment, consisting of high temperatures and cyclic redox 
conditions, can, over long periods of time, cause damaging interactions between the 
precious metal particles and the oxide support. 
While research and development efforts over many years have led to a number of 
advances, catalyst deactivation (due to metal particle growth, agglomeration, and 
encapsulation, for example) remains a major problem, with significant opportunity for 
mechanistic studies to yield new and useful insight in this area.
17
  Moreover, metal-
support interactions play a major role in TWCs and heterogeneous catalysts in general, 




As stated earlier, this chapter presents two studies of model catalysts of Pd and Rh 
on single crystalline ceria and ceria-zirconia supports.  In the first study we investigated 
the mechanisms and thermodynamics of Rh and Pd cluster formation and growth on the 
CeO2 (111) surface.  The second study investigated the role of film stress in oxide 
wetting of metal particles in ceria-zirconia-supported Pd model catalysts.  Both of these 
studies shed light on the atomic-scale interactions between these precious metals and 
ceria-based oxide supports.  
5.2  Experimental Studies of Rh and Pd on a CeO2 (111) Surface 
5.2.1 Background and Objectives 
Ceria supported Pd and Rh are important materials in automotive TWCs.  TEM of 
materials collected directly from catalysts (Figure 5.1d) can yield valuable information 
about particle size, shape, and thermal stability.  However, TEM of washcoat materials 
yields limited information pertaining to the fundamental interaction between the ceramic 
support and the metal nanoparticles.  Detailed investigation of the interfacial 
microstructure of Pd and Rh particles on CeO2 can be revealed by cross-sectional TEM of 
model planar catalyst samples.  Furthermore, cross sectional TEM can provide a visual 
image of a supported metal particle cross section that can be used to investigate the 
thermodynamic properties of the interface.   
The objective of this study is to fabricate and investigate ceria supported Pd and 
Rh model catalysts in order to probe the fundamental thermodynamic properties between 
the metal and the ceria (111) surface using electron microscopy.  An additional objective 
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of this study is to investigate the aging, coursing, and agglomeration behavior of these 
metals on CeO2.  In this work, HRTEM was used to evaluate the morphology and 
contrast the coarsening behavior of Pd and Rh on the CeO2 (111) surface.  These 
experimentally collected data were contrasted to collaboratively prepared first-principles 
density functional theory (DFT) calculations and molecular dynamics simulations of the 
behavior of Pd and Rh on (111) surface of CeO2.  
5.2.2 Experimental Methods 
Thick (~150nm) CeO2 films were grown on the (111) surface of yttria-stabilized 
zirconia (YSZ) using pulsed laser deposition (PLD) in an on-axis geometry. The PLD 
system was described earlier in Section 2.3.1 and shown schematically in Figure 2.12. 
Two different commercial substrates were used for the growth of ceria films in this study. 
The ceria film (Sample A) used for the Pd/CeO2  part of the study was grown on 
10x10mm YSZ substrates from MTI Corporation, while the film later used for Rh/CeO2 
(Sample B) was grown on 5 x 5mm YSZ substrates from Princeton Scientific Inc. 
Deposition parameters were varied to optimize crystalline quality, measured by θ/2θ 
measurements and ω-rocking curves in XRD  (equipment described in Section  2.2.2.1).  
Surface finish was also monitored ex-situ using AFM (as described in Section 2.2.3.1 ).  
Growth conditions for both CeO2 films were as follows: substrate temperature of 800°C, 
laser energy of 100mJ, laser repetition rate of 5 Hz, and an oxygen partial pressure of 6 
mTorr O2.  Films and samples examined in this work are summarized in Table 5.1.  
The CeO2 films were first calcined (heated) in air for 1 hour at 600 ˚C (873K) 
after their deposition onto the YSZ substrates, and the samples were then placed in an 
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ultra high vacuum (UHV) chamber (Physical Electronics Industries), described in detail 
previously (Section 2.3.3).  A monolayer equivalent of Pd or Rh was deposited, using a 
thermal evaporation source, onto the CeO2 film surface.  The term “monolayer 
equivalent’ is used because thermal evaporation of Pd and Rh onto the CeO2 films at 
room temperature, was not expected to produce uniform one-atom-thick layers of either 
metal, even at sub-monolayer coverage.
20
  Metal coverage was monitored using X-ray 
photoelectron spectroscopy (XPS), as described in Section 2.2.3.2.  
Thermal treatments were performed in a four channel quartz tube furnace. Our 
basic experimental approach was to focus on the effect of a subsequent thermal treatment.  
This was chosen so as to be more directly comparable with the theoretical molecular 
dynamics simulations presented in Section 5.2.5 below.  Due to the highly reducible 
nature of precious-metal-loaded CeO2
21
, treatments were performed in air, in order to 
more nearly maintain thermodynamic equilibrium conditions. To this end, after 
deposition, the samples were again calcined in air for 1 hour at 600ºC (873K).    
A second portion of our experimental approach extended the thermal treatment 
to an investigation of the behavior of these model catalysts under reducing conditions 
along with extended high temperature exposure.  Because the working environment for 
automotive TWCs often consists of high temperatures and cyclic redox conditions, we 
used a previously identified
22
 thermal treatment protocol to observe any structural 
changes with reduction followed by high temperature annealing.  Consequently, 
following metal deposition and calcination, some samples were subjected to two 
reduction/annealing cycles.  Each cycle consisted of  the following:  1.) 20 minutes of 1% 
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H2 in N2 at 200°C, 2.) 5 hours of pure N2 at 700ºC, and 3.) cooling to room temperature 
under N2.  The reduction and annealing treatment is shown schematically in Figure 5.3.  
Cross-section transmission electron microscopy (TEM) specimens were thinned 
to electron transparency using traditional methods of mechanical grinding and argon ion 
milling, (described generally in Section 2.2.1.6).  TEM studies were carried out on a 
JEOL 3011 high resolution electron microscope described earlier in this thesis.  
5.2.3 Results  
5.2.3.1 Film Growth and Characterization 
As described above, CeO2 films were grown by PLD and θ/2θ and ω-rocking 
curves are given in Figure 5.4.  XRD analysis indicated that the sample B had a higher 
film quality than sample A, as indicated by the smaller FWHM of the respective ω-curves 
(Figure 5.4b).    Further evidence of this difference was observed in AFM analysis 
(Figure 5.5 ), as the surface of sample A had large scratches which resulted in a rougher 
CeO2 film.   
5.2.3.2 Metal Deposition 
A monolayer equivalent of Pd (on Film A) or Rh (on Film B) was deposited via 
room temperature thermal evaporation under UHV conditions.  XPS survey spectra of the 
ceria films (for both Films A and B) before and after metal deposition are shown in 
Figure 5.6.  The amount of metal deposited corresponds to a monolayer equivalent based 
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on previous experience with these specific evaporations sources
23-24
.    The insets of 
Figure 5.6 (a and b) show details of the Pd 3d and Rh 3d region, respectively.  
5.2.3.3 Transmission Electron Microscopy - Calcined Samples 
Figure 5.7 is a low-magnification cross sectional TEM image of a typical CeO2 
film on YSZ substrate. The TEM image indicates that the CeO2 film is approximately 
150nm thick.  The image also shows a uniform film with no noticeable voids, indicating a 
high quality film.  Figure 5.8 (a) is a low magnification image of the surface of a CeO2 
film with Pd after the calcination treatment at 600˚C.  This image, taken slightly off zone 
axis, clearly reveals particles on the ceria surface.  An HRTEM image of one of these 
particles is shown in Figure 5.8 (b).  Most particles observed were in contact with CeO2 
surface.   However, some particles were removed from the ceria surface during TEM 
sample preparation and became fully encapsulated in M-Bond layer.  This is presumably 
an artifact of sample preparation and not of fundamental significance for this study. The 
diameters of 100 particles (selected from both on the surface and from the glue layer) 
were measured and the mean particle size was 2.99 nm.   A histogram of the particle size 
distribution is shown in Figure 5.8(c). The composition of this particle was confirmed 
using EDS (Figure 5.8(d)).  In contrast, there was no evidence of Rh-derived particles on 
the surface of the CeO2 film (Figure 5.9) in the calcined samples.  
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5.2.3.4 Transmission Electron Microscopy - Calcined and Reduced Samples 
 In an extension of the above work (reported in Section 5.2.3.3), both Pd/CeO2 
and Rh/CeO2 model catalysts were calcined and reduced as described in Section 5.2.2.  
TEM results for the Pd/CeO2 model catalyst are presented in Figure 5.180.  In both low 
magnification TEM (Figure 5.180a) and HRTEM imaging (Figure 5.18b), crystalline Pd 
particles are clearly evident.   Like the calcined-only Pd/CeO2 sample, particles were both 
on the ceria surface and in the M-Bond layer. A histogram of the Pd particle sizes, 
presented in Figure 5.18c, illustrates that calcined and reduced particles are significantly 
larger (mean diameter of 11.0 nm) than particles in the calcined only sample.  EDS was 
used to confirm the composition of the particles (Figure 5.10d).  
In the case of the Rh/CeO2 model catalyst, TEM investigation (Figure 5.11 ) 
shows the presence of metal particles on the CeO2 (111) surface.   Although no particles 
were seen in the calcined only sample (Figure 5.9), small Rh particles were observable in 
HRTEM in the calcined and reduced sample.  The mean particle size for these particles 
was 1.7 nm.  In order to gain spectroscopic confirmation of these particles, EDS was 
performed in STEM mode on the JEOL 2010F (Figure 5.11(d)).  
5.2.4 Discussion 
As was presented above, there were significant differences in the film quality 
and surface finish of the two CeO2 films.  However, θ/2θ XRD analysis (Figure 5.4 a) 
and subsequent TEM showed that the film and the substrate have an epitaxial 
relationship.  Furthermore, both thin films are single crystalline with no secondary 
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phases.   Therefore, it is proposed that the observed difference in surface finish and 
crystalline-quality do not significantly contribute to differences in the metal support 
interaction between the precious metal and the ceria support.   
In the investigation of the calcined samples, particles are evident on the oxide 
surface in the case of Pd/CeO2.  It should be noted that after calcination in air at 600ºC 
(873K) particles are likely oxidized to PdO.
25
  The particle (shown in Figure 5.8b) shows 
crystalline lattice planes corresponding to crystalline metallic Pd.  The presence of these 
fcc lattice features can most likely be attributed to electron beam reduction of PdO to 
metallic Pd, which is known to occur during TEM observation 
26
.   With reduction and 
annealing, Figure 5.10, significant particle growth takes place (most likely occurring 
during the two high temperature annealing treatments).   
In the case of the Rh/CeO2 model catalyst, distinct Rh particles are not visible 
after the initial calcination treatment.    This indicates that Rh did not agglomerate and 
remained essentially a monolayer of rhodium oxide (RhOx).   A single monolayer of 
RhOx is not easily resolvable in cross sectional HRTEM, and the relative atomic numbers 
(45 for Rh and 58 for Ce) are not favorable for HAADF imaging.  This difference in 
behavior suggests that the adhesive energy between the metal adatoms and the CeO2 
(111) surface is greater for Rh than it is for Pd.  This effect has been suggested in 
previous STM studies on the nature of the CeO2 interaction and Rh or Pd
20
.   After the 
reduction and annealing cycles, small Rh particles are visible on the ceria surface 
(Figure 5.9), but the mean particle size is much smaller than that of similarly treated Pd, 
indicating a lower mobility for Rh on the CeO2 (111) surface.  
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Figure 5.12 is a schematic of the agglomeration and growth mechanisms for both 
Pd and Rh on the CeO2 (111) surface.  In both samples, the precious metal monolayer is 
presumably oxidized after calcination.  Visible PdO particles formed in the Pd samples, 
but in the corresponding Rh sample, RhOx particles were not visible after calcination.  
After reduction and annealing, metallic particles were observed in HRTEM in both 
samples, but the Pd particles had a notably larger mean particle size (11.0 ± 3.0 nm for Pd 
vs. 1.7 ± 0.5 nm for Rh).   This indicates that Pd has a higher mobility than Rh on the 
CeO2 (111) surface.  
Surface energy (γ) denotes the total energy content of a solid surface and is 
equivalent to the surface tension of a liquid.  Surface energy exists because the species of 
a condensed phase are attracted to each other.
27
 The lower the surface energy of a 
substrate free surface (γs), the more difficult it becomes for an adhesive or coating to 
“wet” that surface.  In general, nucleation behavior of a metal is highly influenced by the 
surface energy of the metal relative to that of the substrate.
28
  The shape of a supported 
metal particle can be used to measure the interaction energy between hard particles and 
oxide surfaces.   One of the most common methods is estimating the deviation from the 
ideal equilibrium particle shape, as predicted by Wulff in 1901.
29
   If the crystal is on a 





 and later Witterbottom
32
,  independently formulated that 
the adhesion energy can be calculated from the equilibrium shape using the following 
equations following Equation 5.1 (hereafter referred to as the Wulff-Kaichew 
construction):   
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 Where:  Wadh  = the adhesion energy between the Pd particle and the CeO2 
surface 
 
  h = deal equilibrium distance from an edge facet to center of 
the metal particle  
 
  ∆h = change or truncation in the from the ideal Wulff shape 
 




     
Figure 5.13  illustrates the use Wulff-Kaichew construction to estimate adhesion energy 
along with an example of its application in a zirconia supported Pd model catalyst.   In 
previous investigations of model catalysts
34
, this technique has been used in cross 
sectional HRTEM to provide direct visual evidence of the fundamental thermodynamic  
properties of  metal particles and oxide supports.   
  In this study, the Wulf-Kaichew method was applied to estimate the adhesion 
energy between the metal particles and the CeO2 surface.   We chose to focus on the 
calcined and reduced Pd sample because the particles were large enough to clearly 
estimate their equilibrium shape and the particles were mostly single crystalline (free of 
twin boundaries).  Furthermore, due to the high number of surface and edge atoms, the 
Wulf-Kaichew construction  is of limited applicability in particles much smaller than 
10nm.
35
  An example of the Wulf-Kaichew construction applied to the calcined and 
reduced Pd/CeO2 is shown in Figure 5.14.  Applying this equation to our data, the 
adhesion energy between Pd and YSZ (0.29 eV/atom) is roughly comparable with that 






=  Equation 5.1 
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5.2.5 Comparison to Theory 
In an effort to further understand the experimentally observed trends, 
complimentary first principles calculations and molecular dynamics (MD) simulations 
were performed.  These studies, performed by Bai Hai Li under the supervision of Liang 
Chen of the Chinese Academy of Sciences, were performed using the Vienna Ab Initio 
simulation package (VASP).   Briefly, VASP is a plane wave, all-electron code that 
utilizes the projector-augmented wave (PAW) method for the treatment of the core 
electrons.  VASP has been used for total energy calculations, as well as ab-initio MD 
simulations for a variety of topics in condensed matter physics, quantum chemistry, and 
material science.
36-37
  Our first principles calculations utilized the Kohn–Sham density-
functional theory (DFT) calculations. Climbing NEB methods were used to determine the 
minimum energy pathway. GGA_PBE was used to treat the electron exchange and 
correlation, and the cut-off energy for all calculations was 300 eV.   Details of these 
complimentary theoretical calculations are presented in detail elsewhere.
38
  
Briefly, we present some selected theoretical results that support our experimental 
observations.   The first experimental observation was that the PdO particles formed on 
the CeO2 surface after calcination, while RhOx particles were not observable.  The first 
DFT calculation was a determination of the absorption geometry and binding orientation 
of single metal atoms (M1), tetrahedra (M4=four atom clusters), and icosahedra (M13=13 
atom clusters) on the CeO2 (111) surface.  A representation of these binding energies is 
provided in Figure 5.15.  The corresponding adhesion energies and cohesive energies are 
provided in Table 5.2.  Since the adhesion energy is less than the cohesive energy for 
both metals, cluster formation is energetically favorable for both metals.  However, in our 
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experimental studies, cluster formation was not observed in the calcined Rh/CeO2 model 
catalyst.   This could be due to differences in the adhesive energies of these metals to the 
CeO2 surface, which is supported by the DFT calculations showing that the adhesion 
energies for Rh are higher than those for Pd.   Additionally, as the cluster gets larger, the 
adhesion decreases.  The Eadh(Pd13) is comparable to what was estimated from the Wulf-
Kaichew construction ( 0.27 eV/atom vs. 0.33 eV/atom  respectively). 
In an attempt to identify the specific surface diffusion mechanism that occurs 
during clustering, potential energy plots were constructed and shown in Figure 5.16.  
Although both metals seem to favor the same scheme of surface diffusion for clustering, 
the energy barriers for diffusion of Rh are significantly higher than the barriers for Pd.   
The highest energy barriers in this proposed clustering scheme are 0.50 eV for Pd and 
0.33 eV for Rh.  Elementary diffusion theory reminds us that the energy barrier for 
diffusion and the mobility of a given species are inversely related.
39-40
  This result 
supports our experimentally observed results for both the calcined and the reduced and 
annealed catalysts.  After reduction, both metals favored clustering as was predicted by 
DFT calculations.  However, particle growth in the Pd catalysts was much greater than 
Rh due to their higher mobility.  
Differences in the experimental data, notably the kinetics of island formation, 
were further explored using ab-initio MD simulations. MD simulations showed that Pd 
atoms formed clusters (within 2500 fs) by 627ºC.  On the other hand, Rh atoms formed a 
RhOx layer but did not form distinct clusters (up to 5000 fs) at 927ºC.  Snapshots of the 
MD simulations are provided in Figure 5.17.  Again, the presence of this oxide overlayer 
provides further clarification of the experimentally observed differences in these two 
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metals.   Providing further agreement with experimental results, additional MD 
simulations of the behavior of this RhOx overlayer after reduction (removing the 
outermost oxygen atoms), showed that clustering can occur under these conditions.  
These theoretical calculations along with MD simulations tend to support the 
experimentally determined observation on the nature of agglomeration and coarsening in 
Pd and Rh on the CeO2 (111) surface.  However, it is important to point out some 
differences that prevented us from making more conclusive parallels.   The first is that 
calcined-only samples were calcined in air under a constant oxygen partial pressure, 
while the theoretical calculations were performed in vacuum.  Additionally, constrained 
by the cost of computing resources, the cluster sizes considered in the energetics 
calculations were quite small (a maximum of 13 atoms).  For the same reason, the ab-
intio simulations were performed on relatively short time scales, where longer time scales 
might have yielded a more realistic picture of the agglomeration and coarsening behavior.  
For these reasons,  the most we can say is that the experimental results are consistent with 
present theoretical calculations of the relative stabilities and motilities of Pd and Rh 
atoms and clusters on CeO2(111).  
5.3  Role of Stress in Oxide Wetting of Metal Particles in Ceria-Zirconia-Supported 
Pd Catalysts 
5.3.1 Background and Objectives 
Pd encapsulation from ceria-zirconia is a potentially major problem in 
automotive TWCs which leads to an irreversible decrease in activity and a corresponding 
increase in precious metal cost to suppliers.
41-42
 Cross-sectional HRTEM studies of 
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Pd/CZO model catalysts has previously provided visual evidence for this phenomenon 
with the observation of partial Pd particle encapsulation due to the migration of the CZO 
support material resulting in particle wetting.
43-44
 Although the previous research 
emphasized the role of ceria in driving this phenomenon, the more recent results 
(presented in Section 5.2) indicate that pure CeO2 is not as likely to undergo migration 
and wetting as CZO. In fact, the Pd/CeO2 system appears more like Pd/YSZ than Pd/CZO 
(shown schematically in Figure 5.18).  It is possible that this difference may be explained 
in part by the fact that ceria-zirconia mixed oxides (containing between 20-50% mole 
fraction zirconia) are known to have a high oxygen storage capacity, and are therefore 
much more reducible than pure CeO2.
22
 
While the difference between CeO2 and CZO in their wetting behavior of Pd 
may be due to real chemical differences, another possible driver could be the difference 
in internal stress; i.e. reduction generates a compressive stress in the film (due to the 
creation of Ce
+3
 ions, which are about 10% larger than the original Ce
+4
 cations), but the 
stress is much greater in CZO than in CeO2 due to the greater reducibility of CZO. 
22
  
Another possible source of stress is the effect, if any, of native misfit compressive stress 
in the film arising from the misfit between the lattice parameters of the substrate YSZ (α 
= 5.139Å)
43
 and Ce0.7Zr0.3O2 (α = 5.381Å)
44
 .  Therefore, the objective of this 
investigation on the role of stress in oxide wetting is to expand on previous work 
34, 45
 and 
reveal additional subtleties involved in ceria-based catalyst support migration and particle 
wetting.   
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5.3.2 Experimental Methods 
In this investigation of Pd supported on ceria based oxides, CZO thin films with a 
target composition of (Ce0.7Zr0.3O2) were grown on commercial YSZ(111) by oxygen 
plasma-assisted molecular beam epitaxy (OPA-MBE) in a dedicated dual chamber 
ultrahigh vacuum (UHV) system, configured specifically for oxide epitaxy and described 
in Section 2.3.2.  The YSZ (111) (10x10x1 mm) substrates were ultrasonically cleaned in 
acetone for ~10 min prior to loading into the UHV system. The substrate in the chamber 
was then cleaned at 650°C for ~10 min by exposure to oxygen plasma operating at 200 W 
under ~2×10
-5
 Torr of O2; the same condition was maintained till the end of deposition. 
High-purity cerium and zirconium metals (99.9%) were used as the source materials in an 
electron beam evaporator. The thin films were grown by directing the predetermined 
quantity of Ce and Zr metal fluxes onto the substrate, which was kept at 650
o
C in 
activated oxygen plasma. The thin film growth was monitored using in-situ RHEED with 
15 kV e
- 
beam at an incidence angle of ~3-5
o
.   The target thickness of these films ranged 
from 10nm to 100nm.  In addition, one film was a bi-layer consisting of a 10nm 
Ce0.7Zr0.3O2 layer on a 100nm CeO2 layer on top of the YSZ substrate.   The films 
examined in this study are shown in Table 5.3.   Following MBE growth, CZO films 
were studied ex situ using XRD, AFM, and XPS.   
Rutherford backscattering spectrometry (RBS) experiments along both random 
and channeling directions using a 2.0 MeV He
+
 ion beam were also carried out in the 
Environmental Molecular Sciences Laboratory (EMSL) accelerator facility at the Pacific 
Northwest National Laboratory (PNNL). The backscattering spectra were collected using 
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a silicon surface barrier detector at a scattering angle of 150°. The details of the 
accelerator facility and the end stations are described elsewhere.
46-47
   
 Metal deposition and thermal treatments generally parallel conditions identified in 
previous investigations
16
 and described in Section 5.2.2.  One notable exception is that in 
this study (Pd/CZO), we chose to focus on the effect of calcination and subsequent 
reduction and annealing, while the investigation of Pd/CeO2 focused on both calcined-
only and the calcined/reduced/annealed samples.  Briefly, thermal treatments were 
performed in a four channel quartz tube furnace.  To ensure that the CZO films were fully 
oxidized, all films were calcined (600ºC in air) before a monolayer of Pd was deposited 
using the UHV system described in Sections 5.2.2 and 2.3.3.   In order to best observe the 
partial encapsulation phenomena, we selected the treatment protocol that provided the 
highest degree of partial wetting in previous investigations.
45
  This previously identified 
protocol (shown in Figure 5.3) consisted of calcination in air, followed by two cycles of 
low temperature reduction (200ºC 1% H2 in N2) and an extended high temperature 
annealing (700ºC flowing N2).  
Three microscopes were used for analysis of the model catalysts: a JEOL 3011 for 
HRTEM, a JEOL 2010F for HAADF, and a JEOL 2100F for aberration corrected 
HADDF imaging and EELS spectrum imaging.  All of these microscopes are located at 




 Film growth was monitored in-situ using RHEED, and film quality was further 
explored using a variety of ex-situ characterization techniques such as AFM and RBS. 
Selected MBE grown CZO films were further characterized using a variety of XRD 
techniques.  Film thickness was measured by Keissig fringe analysis in XRR (as 
described in Section 2.2.2.2 and demonstrated in Figure 2.10).   Examples of θ/2θ 
measurements and ω-rocking curve measurements for selected CZO films are presented 
in Figure 5.19.  The θ/2θ measurements confirm that CZO films are single crystalline and 
are in an epitaxial relationship with the YSZ (111) substrates, but they can be further 
utilized to provide some insights into film strain.  As was mentioned in section 2.2.2, 
shifts combining the Bragg equation with the plane spacing equation for cubic crystals 
can be used to measure lattice constant.  Therefore, shifts in the peak location of the CZO 
(111) peak relative to YSZ reflect true differences in strain state with changes in film 
thickness, as shown in Figure 5.19a.  The ω-scan (rocking curve) of sample CZ3 is 
provided in Figure 5.19b.  The full width at half maximum of the Ce0.7Zr0.3O2 (111) 
reflection is 0.925º.  This indicates a high crystal quality considering the film thickness 
(47.6 nm) and the fact that rocking curve breadth increases with increasing Zr doping due 
to large lattice distortions.
46
  All of these characterization techniques demonstrated that 
the MBE grown films were relatively smooth (<1 nm RMS) and of acceptable crystalline 
quality.   
 Film quality was further analyzed using Rutherford backscattering spectroscopy 
(RBS).  As mentioned in Chapter 2, RBS spectroscopy is a versatile materials 
characterization technique that can be used to determine strain, crystalline quality, and 
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composition.   Figure 5.20 shows results of RBS channeling data for sample CZ3 
(47.3nm CZO film).  Two Ce peaks are observed in the channeling spectrum, 
representing the surface peak and the interface lattice disorder, respectively.  The window 
defined by the dashed lines (Figure 5.20) was used for estimation of the minimum yield.  
The minimum yield (χmin) was calculated from this data to be ~13% for the interior of the 
CZO film, indicating a high film quality.  However, the severe peak overlap makes a 
more accurate interpretation of crystalline quality difficult. 
 CZO film composition was characterized at PNNL using XPS as described in 
Section 2.2.3.2, and the results are summarized in Table 5.4.  The target film composition 
for the CZO films was Ce(1-x)ZrxO2 with x=0.3.  XPS results indicate that the actual 
composition ranged from 28 – 39% Zr with a mean composition of 34.0 ± 5.4% Zr.  
Similar to Section 5.3.2 , a monolayer equivalent of Pd was deposited under UHV 
conditions at room temperature. As was presented in Section 5.2, the amount of actual Pd 
deposited was estimated from previous experience with this UHV system and monitored 
using XPS. 
 TEM and AFM reveal some details about the strain state of the MBE grown CZO 
films on YSZ.  Results from the 10nm Pd/CZO sample are presented in Figure 5.21.  In 
this figure, results are shown for both the film “as deposited” (with no thermal treatment 
after metal UHV metal deposition, Figure 5.21 a-b) and after the calcination and 
extended reduction cycle, Figure 5.21 c-d.  Both HAADF and HRTEM examination of 
the “as deposited” sample indicated that the film is smooth, with no cracks or voids.  
Also, small (~2nm) distinct Pd particles are visible in the “as-deposited” Pd/CZ1 film 
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(Figure 5.21 b), giving further evidence that significant agglomeration occurs with room 
temperature deposition of Pd under UHV.
20
 
 HRTEM (Figure 5.21 c) of calcined and extended reduced sample showed a much 
rougher film surface characterized by film fracture to the YSZ substrate and the 
formation of 10-20nm islands of CZO along with ~10nm Pd particles.  AFM analysis of 
the corresponding film (Figure 5.21 d) supports these HRTEM results, as RMS roughness 
has increased to 7.244nm. Furthermore, it should be noted that similar surface roughing 
took place in both Pd/CZ2 as well as the CZ1 samples without Pd.  
 Cross section TEM analysis of the CZO-YSZ interface supports XRD and RBS 
inferences about the strain state in thicker films.  Figure 5.22a shows a HAADF STEM 
image of the interfacial region of a calcined and reduced CZ3(47nm) CZO film.  In this 
image, misfit dislocations are clearly evident in the Fourier filtered image (Figure 5.22b) 
and are indicated by arrows.  The nature of these dislocations is further illuminated in a 
high resolution aberration-corrected HAADF STEM image of a dislocation core in this 
film (Figure 5.22c).  A Burger circuit around the dislocation core shows the burgers 
vector to be b=αCZO[¼-½¼]. The average measured dislocation spacing was 6.9±0.9nm.   
 TEM was also performed on calcined and reduced Pd supported CZO films of 
varying thickness.   TEM images of model catalysts supported on CZ3, CZ5, and CZ6 
(bi-layer) films are shown in Figure 5.23 a-c, respectively.  The particle size distribution 
was measured for Pd/CZ3 sample, and Pd particles were found to be normally distributed 
with a mean particle size of 14.5 ±  4.04 nm. 
 Examining the Pd/CZO model catalysts on in the JEOL 2100F provides us the 
opportunity for not only aberration-corrected imaging, but also the capability of 
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performing electron energy loss spectroscopy (EELS) with high spatial resolution.  As 
mentioned in section 2.2.15, EELS can be used to determine the oxidation state of 
transition metals.  Figure 5.24 shows a survey HAADF image (Figure 5.24a) along with 
point-and-shoot EELS spectra from various points in the film.  It should be mentioned 
that the camera length for this image was 2cm to optimize for high EELS counts; 
therefore, the image resolution is not as high as it could be for aberration corrected 
HAADF imaging. From this analysis we can observe that the Ce M4-to-M5 ratio varies 
from 1.2 close to the surface (marked “D” in figure 5.24 ) to over 1.5  approximately 
10nm into the CZO layer (marked “A”).   
 Combining this observation with EELS spectrum imaging along with STEM can 
provide useful information on the spatial effect of metal on the reduction of CZO support. 
Figure 5.25 presents a HHADF survey image along with an image obtained from 
spectrum imaging on the JEOL 2100F. The Figure 5.25b provides an image of the cerium 
M4-to-M5 ratio over a 10.8nm x 41.8nm area near the surface of the CZO film near a 
partially encapsulated Pd particle (the film in question in this sample was CZ6).    The 
pixel size for this measurement was (1.8nmx1.8nm) and the dwell time per pixel was 5 
seconds.  In contrast, the background normalized EELS spectra in a region of the CZO 
film far away (>500nm) from a partially encapsulated Pd particle does not show 
significant variation with depth into the film (Figure 5.26).  
5.3.4 Discussion 
 As stated earlier, MBE growth conditions were optimized by characterizing the 
films using RBS, RHEED, AFM, and X-ray characterization to produce smooth, single-
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crystalline, high quality films.  Severe film roughening was observed in several cross 
sections of calcined and reduced CZ1 and CZ2. The fact that this phenomenon was 
observed in several cross-sections of these thinner CZO films and not observed in the 
thicker ones (above ~47.5 nm) provides some insights into the strain state in these thinner 
films.  As the thickness of these films is less than the critical thickness for stress 
relaxation (given that tcr = ~50nm in CeO2/YSZ 
48
, where the lattice mismatch is less), we 
propose that the catastrophic film fracture is the result of a combination of high 
temperatures and the additional stress brought on by reduction.  Diffusive mass transport 
to relax strain energy is a common mechanism for rapid roughening in heteroepitaxial 
films
49
, and similar island morphologies have been formed from controlled annealing 
experiments of epitaxially grown semiconductors.
50
  In our current set of films, the 
thicker films had better structural integrity and were significantly thicker than tcr; thus 
they experienced a smaller contribution from intrinsic misfit strain.  Therefore, although 
the thinner films (CZ1 and CZ2) might be highly strained, their tendency to quickly 
roughen renders them not useful under our treatment protocol.  However, the tendency to 
roughen provides us with the evidence that there are, in fact, real differences in the strain 
state of the thinner films.  
  Our calcination and reduction treatment of Pd on CZO supports that were thicker 
than 47nm did not induce catastrophic film fracture, and HRTEM revealed that all 
samples showed some degree of partial encapsulation after calcination and extended 
reduction, confirming previously reported results
45
. Caution should be used when making 
conclusive statements relating the degree of encapsulation to film thickness because there 
was larger variability in morphology within samples than between samples.  On a second 
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related note, only a small fraction of the metal particles were imaged.  The most common 
artifact of sample preparation was the tendency of Pd particles to dislodge from the 
sample surface during observation in the microscope (similar to the particle separation 
observed in Section 5.3.3 ) leaving behind a “crater” from the particle encapsulation.   
Given this, we will present qualitative comments on the occurrence of Pd encapsulation.   
 The mean particle size of the CZO (111) supported Pd particles was 14.80 ± 4.04 
nm, larger than the mean particle size for Pd/CeO2(111) ( 11 ± 2.99 nm presented in 
Figure 5.10).  Statistical analysis comparing the particle size distributions of Pd/CeO2 and 
Pd/CZO indicates that the observed difference in the mean particle sizes is significant 
(e.g. that these differences did not arise from random variation).  Whether this apparent 
difference in mobility is truly an effect of the strong metal support interactions (SMSI) 
has been the topic of debate for some time in many other TiO2-based catalyst  
systems.
51-52
     This result is somewhat surprising because Pd/CeO2 does not show 
particle wetting.  Additionally, DFT calculations, in a study that did not account for any 
ensemble effects in a mixed oxide, show nearly identical energetics between Pd/CeO2 
and Pd/c-ZrO2.
53
  Moreover, it is important to consider that slight differences in metal 
loading may be responsible for the observed differences in particle size.
54
  Therefore, 
although the mean particle sizes differ statistically, they are comparable, and these 
differences might not be due to differences in attractive forces.  
 The objective of investigating the CZ6 (a bi-layer) film was to generate a surface 
in which the (CZO) film would actually be under tensile stress initially.  This would 
occur because a thick (100nm) CeO2 buffer layer (with lattice constant larger than CZO) 
should be almost fully relaxed
48
.  Since the CZO-CeO2 interface is presumed to be 
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coherent (due the very small thickness of the CZO film), the lattice mismatch between 
CeO2 and Ce0.7Zr0.3O2  should leave the 10nm film in tension initially. The reference 
lattice parameters of the materials used in this study are provided in Table 5.5.    
Upon reduction, some of the Ce
4+
 will be reduced C
3+
 ions, which are about 10% 




  This change in ionic radius could result in the 
introduction of additional compressive stress in CZO film.   In order to estimate the strain 
induced by reduction, the percentage of Ce in the Ce0.7Zr0.3O2 film that was reduced was 
estimated from previous XPS investigations
16, 56
 of aged model powder catalysts.  
Assuming comparable levels of reduction took place for our current reducing treatments, 









 have identified cubic phases of cubic 
CeO1.5 with a fluorite structure (space from Fm-3m).  A Vegard’s type relationship was 
used to calculate the lattice parameter of 0.7((CeO1.5)0.39+(CeO2)0.61)+0.3(ZrO2) to be 
5.371Å . This value corresponds to lattice parameter expansion of approximately 1% 
upon reduction.  
 Table 5.6  lists the misfit strain between films and substrates at various points in 
this study.  Because the top CZO layer of the bi-layer film is initially in tension, this 
compression induced by reduction does not overcome the native misfit between CZO and 
CeO2.  Therefore, because some degree of wetting is observed in both thick single layers 
and this bi-layer configuration, we can make a qualitative argument that induced 
compressive film strain is not a major contributor to the partial encapsulation phenomena.  
Our study has provided further evidence to support the many chemical explanations (such 
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as: SMSI, shadow diffusion, oxygen vacancy migration) that have been previously 
postulated by other researchers.  
Several researchers have used the so called “white line” ratio to determine the 
oxidation state of Ce.
60-62
   In previous studies
63
, an EELS spectrum taken near the free 
surface of a reduced film found that a significant proportion of the Ce in the Ce0.7Zr0.3O2 
was reduced to Ce
3+
 (characterized by ratio, CeM4 /C M5, being less than 1) while the 
oxidation state of Ce at the CZO/YSZ interface remained tetravalent (4+).  This result 
was reproduced in this present work using EELS in conjunction with conventional 
transmission electron microscopy. TPR experiments
16
 have shown that the presence of Pd 
lowers the reduction temperature of Ce0.7Zr0.3O2, and we suspect that there  is a  
significant variation in Ce
+3
 concentration in regions near Pd particles.  Exploration of 
this hypothesis requires high resolution EELS spectrum imaging which was not possible 
in the previous studies.
45
 
In order to determine the extent to which regions containing Ce
3+
 are localized 
around the Pd particles in this study, STEM EELS was performed on calcined and 
reduced Pd/CZ6 model catalysts.  The relatively large pixel size for this measurement 
(1.8nmx1.8nm) resulted in lower beam intensity on a given area of specimen thereby 
decreasing the likelihood of adverse beam interaction, which has been reported in 
previous investigations. 
60, 64
  The plot of the Ce M4-to-M5 ratio in a region near a 
partially encapsulated particle (Figure 5.25b), does not conclusively show a variation in 
Ce
3+
 concentration within the surface.  These results do, however, increase the 
granularity of previous results and indicate that the most reduced region of the CZO film 
(indicated as dark blue in Figure 5.25b) is confined in a very thin region near the film 
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surface.  Within a few nanometers from the surface, the CZO film appears to be fully 
oxidized, although this could due to the influence of the nearby ceria substrate.  It should 
be noted, however, that a significant variation between the surface and the interior of the 
film was not found in thin regions that were far (>500nm) away from Pd particles (Figure 
5.26).   Although these initial results aimed at determining the spatial extent of the effect 
of Pd on the reducibility of CZO are promising, more experiments should be performed 
to obtain a more complete picture. 
5.4 Conclusions 
In the first section of this chapter (Section 5.2), we presented fundamental 
studies of the behavior of Pd and Rh on single crystalline, PLD-grown CeO2 films 
epitaxially grown on the (111) surface of yttria stabilized zirconia (YSZ).  In the calcined 
samples, HRTEM revealed the presence of PdO particles (particle size 2.99 ± 1.42 nm).  
However, RhOx particles were not visible on the surface in HRTEM after calcination in 
air, indicating thermodynamic differences in the behavior of Pd and Rh on (111) CeO2. 
Extending the above thermal treatment to calcined, reduced, and annealed 
samples, HRTEM revealed that Rh does cluster after reduction, yet the lower mobility of 
Rh on (111) CeO2 limits the resultant particle size.   After the same treatment, significant 
Pd particle growth occurs most likely during the annealing cycles.  In either case for both 
metals, wetting of the Pd particles by ceria was not observed.  Our results are consistent 
with theoretical calculations which show that kinetically, Pd exhibits greater tendency to 
agglomerate into 3D particles than Rh.  The MD simulations show that under oxidative 
conditions, the strong Rh-O interactions inhibit Rh agglomeration. However, 
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agglomeration of metallic Rh is possible under reducing conditions. Generally, 
experimental TEM observations are consistent with theoretical calculations of the relative 
stabilities of Pd and Rh atoms and clusters on CeO2(111). 
The second section of this chapter (5.3) focused on the effect, if any, of native 
misfit compressive stress in the film arising from the misfit between the lattice 
parameters of the substrate YSZ (α = 5.139 Å) and Ce0.7Zr0.3O2  (α = 5.381Å).  In this 
study, single crystalline, Ce0.7Zr0.3O2 films were grown via MBE onto (111)YSZ.  
RHEED, XRD and AFM confirmed a high crystalline quality with a good surface finish 
for most samples.  Very thin CZO film underwent severe roughening after calcination 
and reduction, a phenomena not observed in thicker (t>47nm) films.    
In the thicker films, the previously observed partial encapsulation phenomenon 
was observed.  However, the particle size distribution of the Pd particles on the CZO 
surface was larger, yet comparable, to the one observed from Pd/CeO2.   This difference 
may be attributable to a true chemical difference in the relative mobilities and attractive 
forces between Pd and CeO2 or CZO.   The fact the wetting phenomena was observed in 
all films above the critical thickness suggests that film stress in not a major contributor 
the particle wetting. To further test the importance of film stress, the bi-layer film was 
constructed so as to ensure that the film was actually in tension upon reduction.   Wetting 
was also observed in this film, in tension, lending credence to the likelihood that this 
phenomenon is due to real chemical differences or more subtle effects of stress, such as 
stress gradients around Pd particles. Although the previous work 
45
 emphasized the role 
of Ce in driving this interaction, these results indicate the driver for partial encapsulation 
reside in the nature of the mixed cerium-zirconium oxides.   
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5.5  Tables 
 







Metal  Treatments 
 A MTI 
 
147  nm Pd Calcined 
 A MTI 
 
147  nm Pd Calcined +2 x Reduced 
 B Princeton 
Scientific 
153 nm Rh Calcined 
 B Princeton 
Scientific 




Table 5.2: Adhesion and cohesive energies of   M1,M4,M13 ( M= Pd, Rh) clusters on the 
CeO2 (111) surface) 
 M1/CeO2(111) M4/CeO2(111) M13/CeO2(111)  
Eadh(Pd) 1.87 eV/atom 0.78 eV/atom 0.27 eV/atom 
Ecoh(Pd) - 1.69 eV/atom 2.32 eV/atom 
Eadh(Rh) 2.86  eV/atom 1.10 eV/atom 0.31 eV/atom 







Table 5.3:   MBE grown films used in Section 5.3 
 
Thickness (nm) 
 Sample ID Sample # 
Target XRR 
CZ1 081209-b 10 11 
CZ2 050109 50 39 
CZ3 022710 50 47.3 
CZ4 061809 50 48 
CZO 
CZ5 081209-a 100 90 
CZO/CeO2/YSZ CZ6 081309 10 CZO 







Table 5.4:  Film composition of MBE grown CZO films measured by XPS 
 
Cation % 
Sample ID Thickness (nm) Ce Zr 
    
CZ1 11 66.8 33.2 
CZ2 39 64.94 35.06 
CZ5 90 60.8 39.2 
CZ6 115 71.69 28.31 










Parameter (nm) Reference 














Table 5.6: Lattice mismatch between films and substrates 
 
Lattice Mismatch YSZ CeO2 
CeO2  5.01% - 
CZO 3.38% -1.71% 
Reduced CZO 4.32% -0.73% 
 
 





















Figure 5.1: (a) photograph of modern catalytic converter from 1999 Nissain Senta GXE, 
(b) close-up photograph of the ceramic monolith showing channels in the ceramic 
monolith. (c) diagram of an automotive TWC showing common reactants and products 
(from McCabe
67
), and (d) TEM image of general microstructure of aged commercial 






































Figure 5.3: Aging protocol used for calcination and reduction treatment with extended 




















































FWHM = 0.723º 
FWHM = 0.370º 
 
(b) 
Figure 5.4: (a) θ/2θ XRD scans and (b) ω-rocking curve (around the CeO2 (111) peak)  of 
















Figure 5.5: AFM surface plots for (a) Film A and (B) Film B.   The measured root mean 






Figure 5.6:   XPS spectra of CeO2/YSZ films before and after (top) Pd deposition and 












Figure 5.7:  Low magnification cross-sectional TEM image of a PLD grown CeO2 film 
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(c)                                                                    (d) 
 
Figure 5.8: (a) Low magnification TEM micrograph and (b) HRTEM of calcined 
Pd/CeO2 sample. (c)EDS spectra of the surface region, (d) histogram illustrating the 

















Figure 5.9: (a) Cross section TEM image of Rh/CeO2 film after calcinations (b) HRTEM 





     










































(c)                                                                    (d) 
 
Figure 5.10: (a) Low magnification TEM micrograph and (b) HRTEM of calcined and 
reduced Pd/CeO2 sample. (c)EDS spectra of the surface region, (d) histogram illustrating 











               





































Figure 5.11: (a and b) HRTEM of surface of calcined and reduced Rh/CeO2 sample.  (c) 
EDS spectra of the metallic particles confirming the composition of the particles in Rh, 
(d) histogram illustrating the particle size distribution metal particles taken from particles 
on the surface as well as encapsulated in the glue layer.  (Note that probe size used for 
EDS of Rh is smaller than that used for EDS of Pd in Figs. 5.8 and 5.10, allowing clear 











Figure 5.12: Schematic of agglomeration and particle growth mechanisms for (top) Pd 
and (bottom) Rh.   In the Pd sample PdO oxide particles are visible after calcination.  
After reduction and annealing, large (6-10 nm) Pd particles are visible on the CeO2.   In 
the corresponding Rh sample, RhOx samples are not visible after calcination, however 


















Figure 5.13: (a) Schematic illustration of the use an unconstrained particle showing it’s 
ideal or Wulff shape (b) Wulff-Kaichew construction to estimate adhesion energy, and 
(c) an example of its application in a zirconia supported Pd model catalyst.  The adhesion 
energy is calculated from the ratio of OD/CD, and the energy in this case was calculated 













Figure 5.14: Application of the  Wullf-Kaichew method to the calcined and reduced 
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Figure 5.16:  The energy landscape of the single atom migration for both Pd and Rh on 
CeO2(111). The activation energy barriers for Rh are much higher than those of Pd 










Figure 5.17: Snapshots of molecular dynamics simulations for (top)  Pd agglomeration  




























Figure 5.18: HRETM of calcined and reduced model catalysts from previous research
63
 
showing Pd/YSZ and Pd/CZO. (c) Comparison to present results of Pd/CeO2 along with a 




























Figure 5.19: (a) θ/2θ patterns for the (222) peak region of MBE grown ceria and CZO 
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(a)                               (b) 
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Figure 5.21: (a) Low magnification HAADF STEM image of ‘as-deposited’ Pd/CZ1, (b) 
HRTEM image of same sample, (c) TEM image of Pd/CZ1 (after calcination and 2X 
extended reduction), indicating fracture of the CZO film, and (d) 1µm x 1µm AFM 











Figure 5.22: (a) HAADF STEM image of the CZO-YSZ interface for the calcined and 
reduced CZ3 sample.  (b) Fourier filtered image of (a) indicating misfit dislocations at the 











Figure 5.23:  TEM images showing partial encapsulation of Pd supported on (a) CZ3 (47 









Figure: 5.24: (a) HAADF STEM image of a Pd particle on the CZ6 film surface 
indicating the approximate locations of EELS point analyses shown in (b).  (b) 










Figure 5.25: (a) HAADF STEM survey image indicating the region of interest (ROI) for 
EELS spectrum imaging.  (b) Plot showing the Ce M4-to-M5 ratio as a function of 
position.  The deeper blues near the surface of the film indicate that a higher 
concentration of Ce
3+ 





























Figure 5.26:  Background normalized EELS spectra of calcined and reduced Pd/CZ6 in a 
thin region far away (>500nm) from a partially encapsulated Pd particle.  In this region,
the Ce M4-to-M5 ratio does not change significantly between the surface and deeper into 
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Summary, Future Work, and Conclusions  
6.1 Summary 
6.1.1 Comparative Study of Pt and PtCo Fuel Cell Catalysts Aged Under Aggressive 
Potentiodynamic Cycling 
In this study, direct TEM observation of commercial Pt and PtCo alloy catalysts 
enabled both atomic-scale structural characterization and quantitative insights on 
dispersion and deactivation.  One area investigated is size distribution.  Statistical 
analysis of TEM results indicates that PtCo particles had a larger initial particle size than 
Pt/C catalysts, due to their synthesis.  Moreover, in the PtCo/C sample, significant 
differences in the mean particle size could be attributed to acid leaching.  While the Pt/C 
appeared to be sensitive to thermal aging, however acid leaching did not have a 
statistically significant effect on the Pt/C particle size.   This indicates that the catalysts 
alloyed with a non-noble metal were more susceptible to acid leaching than pure 
platinum.  However, Co alloying improved thermal stability of these catalysts.  
With our electrochemical aging cycling protocol, particle growth under aggressive 
electrochemical aging was initially delayed. HRTEM alone did not provide evidence of 
selective Co leaching in the PtCo/C sample, but HAADF STEM provided more direct 
evidence of atomic-scale changes.  Both EELS and XRD diffraction demonstrated that a 
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gradual removal of Co metal occurs with electrochemical cycling.   EDS spectrum 
imaging indicates that this loss initially results in catalyst particles consisting of a Pt rich 
shell surrounding a Pt3Co core.  The maintenance of ECA under cyclic aging occurs 
during this period of selective Co corrosion.  
Additionally, statistical analysis of TEM results indicates that significant 
differences exist between the PtCo/C and the Pt/C dispersions with cyclic aging. In both 
catalysts, significant differences in the mean particle size could be attributed to cyclic 
aging; however, the PtCo catalyst retained twice as much of its original electrochemical 
area as the pure-Pt catalysts. The shape of the resultant distribution supports the idea that 
migration and coalescence is the dominant particle growth mechanism in these catalysts.  
Differences in the particle growth behavior may be attributed to the anchoring effect of 
Co, which diminishes as Co is lost during electrochemical cycling.  
6.1.2 Investigation of Alumina Supported Pt and Pt-Pd Alloy NO Oxidation 
Catalysts  
This study investigated the coarsening behavior of alumina supported Pt and Pt-
Pd catalysts from both AcAc and nitrate precursors.   In the case of the pure Pt, fresh 
clusters from both precursors had comparable mean particles sizes.  The measured 
particle size distributions were very similar with AcAc precursors having a slightly 
broader distribution and lower dispersion 
Extending the discussion to bimetallic samples, particle growth and alloying are a 
consequence of aging under lean conditions, regardless of initial conditions.  Nitrate 
samples did exhibit a wider distribution in composition after aging, possibly reflective of 
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greater inhomogeneity in starting composition. For both aging conditions, AcAc 
precursors always produce smaller particles on average. Additionally, alloying Pt with Pd 
in alumina-supported catalysts for NO oxidation was found to suppress the particle 
coarsening upon aging under these aging conditions. Combining aberration corrected 
HAADF and EDS revealed that the major difference between the precursors is the 
presence of large Pd rich particles in the fresh bimetallic nitrate catalyst. 
For the more severe aging condition at 900 º C,   the catalysts made from the 
nitrate precursor behaved   in a similar fashion as the more costly AcAc precursor. The 
suppression of the formation of anomalously large Pt particles by alloying with Pd may 
have implications for the relative importance of different coarsening mechanisms. 
Addition of Pd inhibits the growth of the largest Pt particles for both precursors 
Data collected from TEM observation was further related to catalytic conversion 
of NO to NO2 .   NO oxidation was found to be relatively insensitive to a Pd content 
approaching 50 mol%.  
6.1.3  Fundamental studies of the interactions between Pd and Rh on Ceria and 
ceria-based supports.   
In the study of Pd and Rh on CeO2 (111) surface, high quality CeO2 films were 
grown by PLD on yttria stabilized zirconia substrates.   A monolayer of Pd was deposited 
on the ceria films and metal growth was monitored in situ via XPS. After calcination in 
air, the samples were prepared for cross sectional TEM observation.  In the case of the 
Pd/CeO2, particles (presumably PdO) were visable on the ceria surface. The mean particle 
size for these particles was approximately 3nm. Rhodium particles, either in metallic 
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form or as RhOx, were not observable in HRTEM imaging, thus indicating a strong 
adhesive energy between Rh adatoms and the cerium oxidize surface.  These 
experimental results support recent theoretical calculations of the relative stabilities of Pd 
and Rh atoms and clusters on CeO2 (111). 
For the Pd/CeO2 and Rh/CeO2 samples exposed to the more extensive treatment 
of two cycles of reduction followed by extended thermal annealing, further distinctions 
could be made from HRTEM characterization. In the Pd/CeO2 sample, significant Pd 
particle growth occurs during the 2x reduction treatment, most likely during the 
annealing cycles. In contrast to the calcined only sample, it was found that Rh did cluster 
after reduction.  However, the lower mobility of Rh (relative to Pd) on CeO2 limited the 
resultant particle size.  In neither case, was the partial encapsulation phenomena as 
described in earlier reports of Pd/Ce0.7Zr0.3O2 , observed. 
In an effort to determine the origin of the partial encapsulation phenomena (oxide 
wetting), a series of CZO supports were grown on YSZ by MBE.  As was the case for the 
for Pd and Rh on CeO2 study, cross sectional HRTEM was preformed subsequent to Pd 
deposition and calcination and reduction treatments. The objective of this work was to 
determine the role of native stress, relative to chemical bonding between ceria-zirconia 
and Pd, in driving the oxide-wetting process.    
To investigate the stress in the film, Pd/CZO films of varying thicknesses were 
further studied to determine if the wetting phenomena could be observed. In our studies, 
it was found that Ce0.7Zr0.3O2 films ranging in thickness from 50nm to 100nm all exhibit 
some degree of wetting.  This indicates that the wetting process is related more strongly 
to an intrinsic chemical effect than a uniform film strain due to lattice mismatch.  This 
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wetting effect could be due to stress induced by reduction, which generates a highly local  
compressive stress in the film (arising from to the creation of Ce
+3
 ions, which are about 
10% larger than the original Ce
+4
 cations).   
In an effort to separate these two sources of compressive stress from each other, a thin 
Ce0.7Zr0.3O2 film on a thick (fully relaxed) CeO2 film (αCeO2  = 5.411Å) was used as a 
support for a  model catalyst.  In the case of this bi-layer, the surface (CZO) film was 
assumed to be initially under tensile stress.   In this “bi-layer” film wetting was also 
observed around the Pd particle which provided further evidence that wetting is a 
chemically driven phenomena 
6.2 Future work  
6.2.1 Comparative Study of Pt and PtCo Fuel Cell Catalysts Aged Under Aggressive 
Potentiodynamic Cycling 
The characterization of PtCo alloy fuel cell catalysts is a relatively mature field 
with several hundred reports and almost 900 patent applications for PtCo fuel cell 
catalysts written in the past several years.  However, this research offers a few areas for 
future work and further contributions.   Perhaps the most promising area of future work is 
in the area of in situ microscopy.  This technique utilizes the recent the development and 
introduction of environmental TEM capable of performing electrochemical testing. These 
holders (shown schematically in Figure 6.1 ), allow for in situ TEM observation of a 
variety of chemical and electrochemical phenomena 
1-2
.  This technique presents further 
opportunity for direct observation of fuel cell catalysts under more realistic conditions.  
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Furthermore, investigating these catalysts in situ could potentially eliminate a step 
between  catalysts testing and TEM sample preparation, reducing the chance for sampling 
biases.  In addition, in-situ observation allows researchers to directly verify deactivation 
mechanisms (e.g., migration and coalescence vs. interparticle transport).   
 Secondly, because this study investigated commercially obtained catalysts, the 
Pt/C and PtCo/C catalysts had different initial particle sizes.  Our investigation noted that 
it is difficult to separate particle size from particle composition in determining the origin 
of the differences in the observed aging behavior. It would be interesting to see if the 
same effects could be observed in systems in which the initial particle size and 
distribution were uniform.  As was mentioned in Section 3.3, thermal aging induced 
particle growth in the fresh Pt/C catalysts but did not significantly affect the PtCo/C 
catalysts.  Therefore, one possible future study could be one in which the Pt/C catalyst 
was thermally aged in such a fashion that their particle size and dispersion closely 
resembled that of an untreated PtCo/C catalyst.  In such a proposed investigation, 
repeating a similar electrochemical aging experiment with TEM characterization, as was 
performed in Chapter 3, would be very interesting.   
Finally, two additional studies are proposed as possible means to investigate the 
mobility and interfacial attractive forces between platinum particles and the carbon 
support.  It was noted in chapter 4 that as Co was selectively removed from the metal 
catalyst particles, the attractive forces between the PtCo particles and the carbon support 
decreased.  This “anchoring effect” delayed the onset of particle migration and coalesces 
in the PtCo catalysts with cycling.  Preliminary real –time observation of PtCo alloy 
particles in the electron microscope Figure 6.2 shows that the metal nanoparticles are 
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mobile on the carbon support under irradiation in the electron beam.  Earlier studies have 
reported substantial morphological changes such as crystallization, migration, and 
coalescence under electron beam radiation
3
.   Therefore, one proposed study could 
address the use of controlled exposure to the electron beam to measure the mobility of a 
catalyst particle on the surface.    
Lastly, contact angle measurements using a modified Wulff construction have 
been shown as a quick and effective method to determine the fundamental 
thermodynamic properties between precious metal catalyst particles and support 
materials
4
.  This previous report demonstrated that cross sectional TEM can provide a 
visual image required for thermodynamic predictions.  Applying this concept to the 
current fuel cell projects could be a useful way to test the anchoring effect hypothesis by 
measuring any differences in adhesion energy between PtCo/C and Pt/C.  A model 
catalyst system can be prepared by depositing Pt or PtCo onto a thin layer of glassy or 
graphitic carbon.   This method was  recently used to directly investigate the interfacial 
properties of Pt supported on glassy carbon
5
. 
6.2.2  Characterization of Pt-Pd bimetallic catalysts samples for NO Oxidation 
The work offers several opportunities for future investigation.  In this study, the 
samples were investigated at 500 º and 900 º C for a fixed time (3 hours in this study).  
This was an effective protocol for investigating thermal stability, however a  more 
complete understanding of the kinetics of particle coarsening would require aging for 
varying times at a fixed temperature.   In TEM investigations of alumina supported Pt, 
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Harris varied the heat treatment times between 10 min and 8 hours, and found that a 
change in sintering order occurred after 6 hours of aging
6
.  It would be interesting to 
determine if this effect was also observed in bimetallic catalysts, as it might elucidate 
effects of alloying on the particle growth mechanism.  
Presently, long collection times and low resolution limits inhibited high resolution 
EDS mapping of the fresh Pt-Pd catalyst samples.  The difficulties of producing reliable 
spectroscopy data from atomically dispersed precious metal elements on a crystalline 
supports should be acknowledged, as this information could be used to determine the 
specific role of Pd in inhibiting the growth in Pt.   This would be especially important in 
the investigation of Pt-Pd catalysts from AcAc precursors where the composition of the 
fresh particles is not as clear cut as was the case for nitrate catalysts (as discussed in 
Section 4.3).  In the near future, as newer microscopes with more sensitive EDS detectors 
become more commonly available, these experiments may become more feasible. 
 Another area of future work would be to study the catalytic performance of these 
catalysts under simulated diesel drive-cycle conditions. In the study referred to in Chapter 
5,  the catalysts were aged in 5% O2 and 10% H2O in N2, while recent studies
7
 have found 
that road testing and laboratory aging (in an atmosphere containing a mixture of 
C3H6,C3H8, CO, NO, O2, CO2, and SO2 ) produced comparable amounts of thermal 
sintering with some differences in chemical deactivation.    
 Another area of investigation can be found in the emerging field of in-situ TEM.   
In a preliminary study, fresh Pt50-Pd50 (ac-ac) was dispersed on to MEMs based heating 
stage.  The stage, produced by Protochips and shown in Figure 6.3, is capable of heating 
a TEM specimen from room temperature to 1000ºC in  1 ms
8
.   Although discussed in 
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detail in previous reports 
8-9
, these MEMs-based heating stages work by resistively 
heating a ceramic membrane upon which the sample is supported.   The fresh Pt50-Pd50 
(ac-ac) were heated in vacuum for 500 º C for 3 ten minute intervals followed by two ten 
minute intervals at 900ºC.  Between these intervals, representative TEM images were 
collected at a variety of magnifications.   The results of this preliminary in-situ heating 
experiment are shown in Figure 6.4.  
 For the fresh catalyst in the in situ experiment, a 2nm particle surrounded by 
smaller atomically dispersed material clusters, is visible on the alumina support 
(Figure 6.4a).   After the first heat treatment (Figure 6.4 b), the majority of the atomically 
dispersed metal is no longer visible.  At this point it is difficult to distinguish between 
these smaller particles coalescing into the larger particle or volatilizing and undergoing 
vapor phase transport.    Further treatments at 500ºC (Figures 6.4c and d) did not 
substantially affect morphology.  However, after aging at 900ºC, the size of the central 
particle initially decreases and eventually disappears (Figure 6.4f).  This process is 
possibly the result of vapor phase growth.  900ºC aging is also associated with changes to 
the underlying alumina support.   Distinct differences in the aging behavior were found 
between aging at 500ºC and aging at 900ºC, however more systematic studies varying 
time and temperature are needed to make definitive conclusions. 
 One limitation of this preliminary heater experiment was that it was performed in 
vacuum.  It is well known that the sintering mechanism  and particle morphology are 
strongly related to the sintering  environment.
10
  Therefore, in situ aging in a variety of 
atmospheric conditions would be very useful.  It would be interesting to investigate the 
sintering behavior of these particles after aging in air, in the hydrothermal conditions 
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used in Chapter 5, and in the simulated exhaust atmosphere presented above.   This line 
of research is becoming promising with the development of in situ environmental holders 
that can be used in conventional transmission microscopes.  
Another opportunity for future study in this subject area is investigating the role 
of Pd alloying in the coarsening behavior of alumina supported Pt using X-ray absorption 
fine structure (XAFS) spectroscopy.   XAFS is an absorption spectroscopy technique that 
investigates the modulation of the x-ray absorption coefficient at energies near and above 
an x-ray absorption edge
11
.  XAFS is a powerful tool in the characterization of 
heterogeneous catalysts, notably in determining the coordination numbers of specific 
atomic species in a sample
12
.  Such information could theoretically yield more definitive 
information on the relationship between Pt and  Pd in both the fresh state and at various 
points during hydrothermal aging.  
 Thus far, this study only focused on the Pt rich side of the Pt-Pd composition 
range.   As was observed in Chapter 4,  the major difference between the bimetallic 
samples from both AcAc and nitrate precursors was the presence in of large Pd rich 
particles in the fresh nitrate samples.  Recent research
13
 supports the position  that pure 
Pd has an intrinsically lower NO oxidation activity, however there has been less 
microscopy research on Pd-rich Pt-Pd alloys.   Characterizing the structure and activity 
for the Pd rich side of the composition range could lead to a more definitive relationship 
between microscopy and observed structure and NO oxidation properties for these 
catalysts.   
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6.2.3 Rh and Pd on CeO2 and Ceria Based Supports 
The treatment conditions chosen in Chapter 5 (calcination and  metal deposition, 
followed by reduction and annealing cycles) were selected from  previous studies
14
  on 
the behavior of Pd on ceria and ceria-zirconia supports.  These conditions were able to 
produce the unique wetting behavior in a model planar catalysts system described in our 
earlier study
15
.  However, systematically modeling this system in a planar model system 
leads to many variables that could be explored further.  
The first variable that can be considered is the size and frequency of metal 
particles after calcination (but before reduction).  As Pd has been shown to promote the 
reduction of CZO, it is reasonable to suggest that this may be localized to the regions 
around the Pd particles.  If the degree of reduction is not uniform (both the in-plane 
directions and the film growth direction) then knowing the particle size and frequency at 
the onset of reduction is important.  These parameters are functions of the deposition 
conditions, metal loading, calcination temperature, and calcination time.  A systematic 
study of these variables may possibly lead to a kinetic model for the coarsening of Pd and 
Rh on CZO that can be developed to further augment ongoing computational research.  
To determine the agglomeration behavior of Pd and Rh on (111) CZO as a function of 
time, atmosphere, and temperature, a design-of-experiments approach could be used.  
Preliminary experiments (Figure 6.5) have shown that AFM is a useful tool for quickly 
determining particle size and area density, but plan-view TEM may give a more accurate 
measurement.     As discussed earlier, grazing incidence X-ray diffraction is a useful tool 
for determining the mean size of particles of a surface, however X-ray line broadening 
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can be further analyzed to provide useful data for dispersion measurements.  Comparing 
these three techniques (grazing incidence XRD, plane view TEM, and , atomic force 
microscopy) for determining the size and area density of supported precious metal 
particles would be an interesting study for the community. 
 Another factor that could be considered is the thermal treatment protocol in the 
reduction and annealing treatment cycles.  The reducing temperature was chosen from 
previous TPR studies of Pd/CZO 
14
  and the current protocol was chosen because it 
provided the most extensive wetting in the previous studies
4, 15
.  However, the effect of a 
more aggressive reducing annealing treatment has not been investigated. If the reduced 
regions in the Ce0.7Zr0.3O2 are localized around the Pd particles, then one can hypothesize 
that a longer or higher temperature reduction step might produce a larger reduced area.  
Successful EELS spectrum imaging or valance state mapping in two samples, one 
reduced according to previous conditions and one “aggressively” reduced,   is one way to 
investigate this idea. 
 There are some other factors that might be considered in the future studies, 
including replacing Pt with Rh or Pd.   Early results comparing Pd and Rh on CeO2 
16
 
indicate that Rh may behave in an entirely different manner. This would be especially 
important in determining the size and frequency of metal particles at the onset of 
reduction.  Additionally, earlier catalytic studies have shown that Rh affects the 
reducibility of Ce0.7Zr0.3O2 in a different fashion than Pd 
14, 17-18
.  Thus reductions and 
thermal treatment conditions would need to be tailored to Rh to be analogous to a similar 
study with Pd.  
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Studying other orientations of CZO is another good area for future investigations.  
Previous studies  have shown that the (100) CeO2  surface is unstable, compared to the 
(111) orientation
19
, showing a mixture of O2 and Ce terminated regions.   In contrast, 
(110) and other higher index surfaces of CeO2 have shown faceting toward (111) under a 
variety of growth conditions
19
.  These, surfaces could be investigated as part of a more 
exhaustive study, but issues with growth conditions (faceting and instability) may 
complicate detailed study of the metal-support interactions.  
A more exhaustive treatment of this topic might also investigate support 
composition.  The composition used in this work  was selected for study because 
Ce0.7Zr0.3O2 has the highest oxygen storage capacity  of the mixed ceria and zirconia 
oxides
14
. However our more recent results have shown that wetting is not observed for Pd 
on YSZ 
4
 and Pd on CeO2 
16
.  If wetting is primarily a chemical rather than a stress 
related phenomena, as results in section 6.2 suggest, then exploring other compositions 
while keeping the same treatment conditions would be of interest.    
6.3 Conclusions 
Heterogeneous catalysts are expected to play increasingly important roles as the 
global automotive industry strives to meet future energy, environmental, and regulatory 
requirements.  In order for emerging catalyst technologies to fill the anticipated roles in 
facing these challenges, characterization of catalyst materials is essential.  As most 
catalysis processes and reactions occur on nanometer scale active sites, atomic scale 
characterization is a necessary step to achieve these potential applications
20
.   Therefore, 
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this thesis has presented the use of atomic scale characterization techniques to further the 
understanding of three catalysts systems, namely Pt-alloy fuel cell catalysts studied, Pt-
Pd NO oxidation catalysts, and precious metals supported on ceria based supports. 
Although it is important to understand catalysts structure and catalytic activity, it 
is equally important to identify methods of reducing precious metal loading and 
improving catalyst durability.   This is due to the fact that the above mentioned catalyst 
systems are dependent on expensive and strategically important materials. As demand for 
PGMs is likely to increase in the future, limiting catalysts deactivation of these materials 
will become a primary engineering challenge to ensure maximum utilization of PGMs.  
The goal of this study has been to provide critical information on deactivation 
mechanisms as the industry develops novel, more active, and more durable catalyst 
technologies for vehicle technologies.  In this thesis, we have been able to use atomic 
scale structural characterization to better understand mechanisms of heterogeneous 
catalysts deactivation.  Catalyst characterization is an evolving and growing field of 
research, and our findings, combined with extensive catalytic testing are part of 
collaborative efforts to add to the existing knowledge of the fundamental science and 









Figure 6.1: Schematic of in-situ electrochemical electron microscopy holder.  It is 
suggested that such a configuration could directly confirm fuel cell catalyst aging 
















Figure 6.2: HRTEM images of fresh Pt/C nanoparticles after (a) 0 (b) 10 (c) 16, and (d) 












Figure 6.3: (a) Protochips holder  (b) diagram of heating mechanism (image courtesy of 










Figure 6.4: Aberration corrected HAADF micrographs of Pt50-Pd50 (ac-ac) heated in 
situ on a Protochyps Aduro ® heater.  Figure (a) shows the fresh catalyst.  Figure (b) 
after one 10min heating  interval at 500º C,  (c)   after a second 10min heating  interval at 
500ºC,  (d)  after a third 10min heating  interval at 500ºC,  (e) after a subsequent 10min 








   
 
 
                         
 
Figure 6.5: 1µm x 1µm AFM scans of Pd on CZO after (a) no treatment, (b) calcination 
in 600ºC in air for 1 h and (b) calcination and annealing in 700ºC in N2 for 5 h.  Particles 
are not observable in the fresh state, but after calcining, the mean particle size is 4.1 nm, 
and after further annealing, the mean particle size is 25 nm.  These measurements of size 
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Exposure Model for Estimating Aging Conditions in Alumina Supported Pt and 
PtPd Catalysts  
Two sets of Pt100-Pd0 and Pt50-Pd50 nominally aged at 500ºC catalysts were 
made from Nitrate precursors.  Both of these samples were fabricated and aged at the 
Research and Innovation Center at the Ford Motor Company, in Dearborn, MI.  The first 
set of catalysts (labeled “sample A”) was aged in-situ in a multichannel flow reactor in 
which NO oxidation measurements were preformed (described in 3.2).
1
  Upon 
investigation sample A, the NO oxidation measurements were not consistent with 
previous observation and the well-known structure sensitivity of alumina supported Pt 
catalysts (as shown in Figure A.1).
2-3
  This discrepancy in NO conversion in activity led 
to the conclusion that aging preceded very differently in theses two samples.   
The actual aging temperature was estimated by comparing XRD data from 
Sample A to a previously-performed high-throughput study of the aging kinetics of 
alumina supported Pt and Pt-Pd NO oxidation catalysts.
4
  Using a newly prepared and 
aged Pt/Al2O3 sample (labeled “Sample B”) as a reference, the XRD data from “Sample 
A” was used in a previously proposed exposure model (given in the Equation A.1): 
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  Where D = avg. particle diameter from Debye Scherer equation 
   t = time in minutes 
   A = prefactor 
   E = activation barrier  
 
Solving for A and E, yields A=751.7min
-1
 and E=0.403eV.    Following this model, we 
can estimate the actual aging temperature of approximately 963K.  This treatment 
assumes that both sets of catalysts follow the previously identified Arrhenius-type 
temperature dependence and is proportional to the cube-root of time (data for pure Pt 
Figure A.2).  Therefore, we can estimate the actually aging temperate as 690ºC as was 














NO Oxidation: Steady-State Temp. Profile
































Figure A.1: NO oxidation steady state temperature profile for NO Oxidation 

















































Figure A.2: (a) XRD time series showing in-situ aging of Pt/Al2O3 in an atmosphere of 
10%O2, 5%CO2, 2%H2O. (b)  Arrhenius plot of particle sizes calculated from the 
corrected XRD peak widths. Fits to the data are constrained to a simple power-law with 
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